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Semiconductor-based devices in various fields such as night vision, space exploration, medical inspec-
tion, telecommunication, among others could benefit from operating at cryogenic temperatures. Besides,
cryogenic temperatures also can offer some unique capabilities to superconducting devices, which are not
available at ambient temperature. However, existing cryocoolers are oversized in terms of size and cooling
power. Widespread use of these electronic devices requires cryocoolers that are small, low cost, low inter-
ference, and reliable. This review presents an overview of cooling cycles and discusses the opportunities
and difficulties when adopting these cycles for realizing cryogenic temperatures above 1 K in microscale.
It is found by comparison that, at present, fluid-based cryocoolers are more suitable for miniaturization.
Concerning the miniaturization of fluid-based cryocoolers, emphasis is put on the effect that scaling has
on the gross and net cooling power and on various parasitic losses, the microscale manufacturing tech-
nologies, and the state of the art of microcoolers. Some aspects that remain to be further developed for
widespread use of cryogenic microcooling, are considered at the end of this review.
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I. BACKGROUND

For a number of electronic devices, colder is better.
Electronic devices, such as CMOS Si electronics [1,2],
GaAs-based low-noise amplifiers [3], infrared detectors
[4], and x-ray detectors [5], could benefit from operat-
ing at cryogenic temperatures in several forms: higher
speed, higher signal-to-noise ratio, larger bandwidth,
improved sensitivity [6]. Cryogenic temperatures also can
offer some unique capabilities to superconducting devices
[7–9], which are not available at ambient tempera-
ture. Besides electronic devices, experimental research on
temperature-dependent properties, such as resistance, See-
beck coefficient, mobility, impurity distribution, etc [10],
also requires cryogenic temperatures. Figure 1 shows a
number of applications in the plane of required cooling
power versus requried temperature.

At present, existing cryogenic coolers (cryocoolers) are
very large compared to sizes of the applications that
require a cooling power less than 1 W and mismatch the
small cooling power requirements of these applications.
There are a number of applications where the perfor-
mance improvement gained by cooling is overruled by
the effort and complexity of the cryogenic burden caused
by relatively large cryocoolers. Widespread use of these
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applications requires cryocoolers that have matched size
and provide matched cooling power [13,14]. Here, we
present a review of the developments on micromachined
cryocoolers that have a size smaller than a few centime-
ters cube, and provide a cooling power in the range of
1–500 mW at a cooling temperature in the range 20–150
K. Miniature cryocoolers have advantages not only in their
matched size and cooling power but also in their fast
response, which make them attractive for measurements of
temperature-dependent properties. The fast response refers
to the rapid cool down and warm up of the miniature cry-
ocoolers, which allows measuring the properties of more
samples in a shorter time.

In the next section, we present an overview of cool-
ing principles that are most commonly used to provide
cryogenic temperatures. The challenges and opportunities
of miniaturization of cryocoolers based on these cool-
ing principles are introduced. In Sec. III, the theory and
scaling behavior of fluid-based cryocoolers are discussed
in detail and suitable measures to realize these cryocool-
ers in microscale are suggested. Section IV discusses the
opportunities and limitations of small-scale manufacturing
technologies for fabricating elements of cryogenic systems
in microscale. The current status of the miniaturization of
fluid-based cryocoolers is reviewed and the corresponding
difficulties are summarized in Sec. V. Finally, we dis-
cuss several research directions, which could lead to the
widespread use of microcooling.
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FIG. 1. Cryocooler applications in plane of required refrigeration power versus temperature (adapted from Refs. [11,12]). CMOS
Si elect., CMOS silicon electronics; FCL, fault current limiter; GaAs elect., gallium-arsenide electronics; HEMTs, high electron
mobility transistors; IR, IR detectors; LNG, liquefied natural gas; Low-temp.mat. res., low-temperature material research; LTS
elect., low-temperature superconducting electronics; LTS SQUIDs, low-temperature superconducting quantum interference devices;
Maglev, magnetic levitation; Mag. Sep., magnetic separator; MRI, magnetic resonance imaging; NbN elect., NbN electronics; SMES,
superconducting magnetic energy storage; X-ray det., x-ray detectors; ZBO, zero boil-off.

II. COOLING PRINCIPLES

Cryocoolers can be broadly classified into two groups
based on the state of the working substance, including
fluid-based (liquid or gas) cryocoolers and solid-based cry-
ocoolers. The fluid-based cryocoolers rely on compression
and expansion of a working fluid to bring about tem-
perature changes, which are classified into recuperative
and regenerative cryocoolers. Recuperative cryocoolers,
for instance, Joule-Thomson (JT), Brayton and Claude
cryocoolers, use a counter-flow heat exchanger (CFHX)
to exchange heat between the hot and cold flows. In
regenerative cryocoolers, such as Stirling, pulse-tube, and
Gifford-McMahon cryocoolers, on the other hand, the
working fluid flows back and forth through a regenerator
(an arrangement or matrix of solid material).

Instead of using liquid or gas, the solid-based cryocool-
ers use the thermoelectric effect [15], the magnetocaloric
effect [16], the electrocaloric effect [17], and anti-Stokes
fluorescence [18] among others, realizing cooling. Ther-
moelectric cooling is of particular interest for miniaturiza-
tion, but the achievable temperatures that can be reached
from room temperature at reasonable efficiency are far
above the cryogenic range. For magnetocaloric cooling, it
is challenging to achieve cryogenic temperatures starting
from ambient temperatures. Moreover, a strong magnetic
field is required, which is still a bottleneck in the miniatur-
ization of magnetocaloric cooling systems. Electrocaloric
cooling is analogous to magnetocaloric cooling except that
the temperature change in the material is achieved by
changing the electric field. In contrast to magnetocaloric

cooling, it is much easier to produce relatively high electric
fields in a small size. It is, however, still challenging to
design electrocaloric materials for cryogenic applications.
Anti-Stokes fluorescence cooling can occur only in special
very high-purity materials that have appropriately spaced
energy levels. The typical materials for anti-Stokes fluo-
rescence cooling include glasses and crystals doped with
rare-earth elements or direct-bandgap semiconductors such
as gallium arsenide. To realize anti-Stokes fluorescence
cooling in a small size, the following aspects still need to
be overcome: enhancement of the absorbed power in small
scale, thermally isolating the support for the crystal, ther-
mally linking the device to be cooled to the crystal, and the
miniaturization of the laser pump source. To summarize,
although these solid-based cooling cycles are attractive for
miniaturization, these cycles are currently not suitable for
reaching cryogenic temperatures in microscale because of
the limits of material properties and further operating con-
ditions. Therefore, this microcooling review is limited to
fluid-based cryocoolers.

A. Recuperative cryocooler

In a recuperative cryocooler, the working fluid flows
around a loop in one direction. The heat exchanger of a
recuperative cryocooler is known as a counter-flow heat
exchanger. It has two separate flow channels, a high- and a
low-pressure channel. The expansion process from a high
pressure to a low pressure can occur through a restriction
as in the JT cryocooler or through an expander as in the
Brayton cryocooler (see Fig. 2). The Claude cryocoler is
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FIG. 2. Schematics of the three most common recuperative
cycles.

a combination of the two in which an expander is used for
precooling and the JT restriction is used for the final expan-
sion. Differing from a JT cryocooler, both Brayton and
Claude cryocoolers have an expander with moving parts
at low temperatures.

The cold-end temperatures of recuperative cryocoolers
are determined by the boiling temperature of the working
fluid in the evaporator. The normal boiling temperatures of
commonly used gases are shown in Table I.

The coefficient of performance (COP) of cryocoolers, η,
is defined as the ratio between the cooling power Q̇c and
the required compressor power Ẇ0:

η = Q̇c

Ẇ0
. (1)

The gross cooling power of a JT cryocooler is defined
by

Q̇c,JT = ṁ�hmin, (2)

where ṁ is the mass-flow rate, �hmin is the minimum value
of the isothermal enthaply difference over the tempera-
ture between the cold and warm ends of the CFHX of the
cryocooler.

The gross cooling power of a Brayton cryocooler is
defined by

Q̇c,Brayton = ṁ (�hmin + w) , (3)

TABLE I. Normal boiling points of different gases [19,20].

Gas CH4 O2 Ar CO N2 Ne H2

Normal 111.5 90.1 87.2 81.5 77.2 27.1 20.3
boiling
point (K)

where w is the specific work extracted from the expander.
The gross cooling power of a Claude cryocooler is

defined by

Q̇c,Claude = ṁ1�hmin + ṁ2w, (4)

where ṁ1 and ṁ2 are the mass-flow rates through the
restriction and the expander, respectively.

The required compression work of a compressor is min-
imum when compression follows the isothermal process,
given by

Ẇ0 = ṁ {h (Th, pL) − h (Th, pH )

− Th [s (Th, pL) − s (Th, pH )]} (5)

or

Ẇ0 = ṁ [g (Th, pL) − g (Th, pH )] , (6)

where h (Th, pL) and h (Th, pH ) are the specific enthalpies
of the gas at the outlet and the inlet of the cryocooler,
s (Th, pL) and s (Th, pH ) are the corresponding specific
entropies of the gas, and g (Th, pL) and g (Th, pH ) are the
corresponding specific Gibbs free energies of the gas. Here
Th is the temperature at the warm end, pH is the high
pressure and pL is the low pressure.

The expansion process through a restriction in a JT cry-
ocooler is an isenthalpic process, whereas the practical
expansion process for an expander is much closer to an
isentropic process, producing work output. Therefore, the
ideal COP of Brayton and Claude cryocoolers are higher
than that of a JT cryocooler.

B. Regenerative cryocooler

A regenerative cryocooler operates with oscillating pres-
sures and mass flows, and the working fluid is usually
helium gas. These are extensively discussed in Refs. [20–
23]. Cold-end temperatures achieved with regenerative
cryocoolers vary from about 3 K up to ambient tempera-
tures. Maximum refrigeration of a regenerative cryocooler
occurs when flow and pressure are in phase near the cold
end. The phase angle is set by the phase of the displacer
with respect to the compressor piston in both the Stirling
and Gifford-McMahon (GM) cryocoolers. There is no dis-
placer in the pulse-tube cryocooler and the phase between
flow and pressure is set by the flow impedance at the warm
end of the pulse-tube cryocooler. Both Stirling and pulse-
tube cryocoolers do not need check valves to control the
flows, in contrast to GM cryocoolers (see Fig. 3).

The Stirling cycle is comprised of two reversible
isothermal and two reversible isochoric processes, and the
COP of an ideal Stirling cryocoler, ηS,ideal, is the Carnot
COP, given by

ηS,ideal = ηCarnot = Tc/ (Th − Tc) , (7)
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FIG. 3. Schematics of the most common regenerative cycles
(adapted from Ref. [21]). The compressor without or with check
valves provides the pressure oscillations that drive the cry-
ocooler; the regenerator is a periodic flow heat exchanger that
transfers heat to and from the working fluid of the cryocooler; the
displacer is either freely moving or driven by an external mecha-
nism, driving the working fluid through the regenerator back and
forth between the warm and the cold ends, and in Stirling and
GM coolers the displacer is shaped as a piston whereas in the
pulse-tube cooler a part of the fluid volume inside the tube acts
as a freely moving displacer.

where Th and Tc are the temperatures of the hot side and
the cold side.

A pulse-tube cryocooler is not perfectly reversible due
to the presence of the orifice, which has a flow resistance.
It is crucial in this respect that in a pulse-tube cryocooler
the work of expansion is not utilized [24]. The COP of an
ideal pulse-tube cryocooler, ηPT,ideal, is given by [24]

ηPT,ideal = Tc/Th. (8)

A GM cycle includes isobaric cooling and warming
processes, and isothermal compression and expansion pro-
cesses. However, the mass-flow rates of the compression
and expansion processes are not constant since there is
flow into and out of the system through valves. The COP
of an ideal GM cryocooler is given by [25,26]

ηGM,ideal = (ph − pl)V
nRThln(ph/pl)

, (9)

where ph and pl are the high intake pressure and the low
exhaust pressure, respectively, V is the expansion volume,
n is the number of moles flowing into and out of the
cryocooler per cycle, and R is the universal gas constant.

The COP of the GM cryocooler approaches the ideal
Carnot COP as the compression ratio falls to 1. That
is because the entropy produced by the gas expansion
through a valve reduces as the compression ratio decreases.
However, in this case the available cooling power also
drops to zero.

More details on the cooling principles of these fluid-
based cryocoolers (recuperative as well as regenerative)
can be found in the paper of De Waele [27] and the review
of Radebaugh [21]. Theoretically, all these fluid-based
cryocoolers can be scaled down to realize microcooling.
In these fluid-based cryocoolers, compressors and check
valves have moving parts at ambient temperatures, to drive
and control the flows. From manufacturing perspective,
there remain challenges in fabricating these moving parts
in microscale. The scaling behavior of the fluid mechan-
ics and the heat transfer involved in these cryocoolers is
discussed in Sec. III. Available small-scale manufacturing
technologies are considered in Sec. IV.

III. SCALING CONSIDERATIONS

Obviously there are limits to the scaling of cryocool-
ers to smaller and smaller sizes. Roughly, one can state
that the gross cooling power scales with mass-flow rate
[see Eq. (2)] and thus the volume of a cryocooler [see
Eq. (15)] whereas parasitic heat loads due to conduction
scales with size and due to radiation with area. Therefore,
size reduction is limited by the fact that at some point the
gross cooling power is no longer able to compensate for
the parasitic heat loads, and the net cooling power becomes
zero.

Furthermore, in microcooler systems it will be more
difficult to maintain the required vacuum conditions. The
outgassing rate scales with area and the gas permeation
rate scales with area over wall thickness, whereas the vac-
uum space scales with volume. Therefore, the end-of-life
vacuum pressure will be reached much faster in smaller
systems.

Finally, the scaling of cryocoolers is limited by the man-
ufacturing technologies that are available. In this section,
the scaling with respect to cooling power and parasitics is
considered as well as the scaling of the vacuum space. The
manufacturing technologies are considered in Sec. IV.

In general, it is not easy to quantitatively estimate the
difficulties that appear when cryocoolers are miniaturized.
Nevertheless, it is worthwhile to present qualitatively the
scaling effects with respect to cooling power and losses. In
this section, the scaling effects of fluid-based cryocoolers
are explained.

A. Recuperative cryocooler

1. Pressure drop and gross cooling power

The pressure drop in a recuperative cryocooler affects
the cold-end temperature and the efficiency. The pressure
drop of an internal fully developed flow in a channel with
a length L can be calculated using the Darcy-Weisbach
equation:

�p = 0.5ρv2fDL/Dh, (10)
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where fD is the Darcy friction factor, Dh is the hydraulic
diameter, v is the mean flow velocity, which is determined
by the mass-flow rate ṁ, the density ρ and the channel
cross-section area A:

v = ṁ
ρA

. (11)

For a fully developed laminar flow, the friction factor
depends only on the Reynolds number, Re:

fD = C
Re

= Cμ

ρvDh
. (12)

Here, C is a constant determined by the geometry and μ is
the viscosity.

In this case, the pressure drop can be estimated by

�p = 0.5ρv2 Cμ

ρvDh

L
Dh

= CμṁL
2ρA2

h
∝ ṁ

x3 . (13)

where x represents the size of the cryocooler and the
vacuum chamber discussed in subsection C.

It is important here to note that all dimensions are
assumed to scale with the same factor. The pressure drop
increases with decreasing size for a given mass-flow rate.
A higher pressure drop along the low-pressure channel of a
JT cryocooler results in a higher boiling temperature in the
evaporator and thus in a higher cold-end temperature. In
this scaling analysis we assume the pressure drop is kept
constant. Then, according to Eq. (13), the mass-flow rate
scales with the cube of the size:

ṁ ∝ x3. (14)

Since the gross cooling power is proportional to the
mass-flow rate [see Eqs. (2)–(4)], in scaling, it also is
proportional to the cube of the size:

Q̇c ∝ ṁ ∝ x3. (15)

2. Conduction loss

Due to the large temperature gradient in the material
of the CFHX, the thermal conductivity loss through the
CFHX is a significant loss, given by

Q̇cond = λeffAdT/dx ∝ x, (16)

where λeff is the effective conductivity of the material of
the CFHX, A is the cross-section surface area of the CFHX,
and dT/dx is the temperature gradient along the CFHX.

3. Radiation loss

The heat transfer through radiation takes place through
electromagnetic waves mainly in the infrared region.
Two entities at different temperatures can exchange heat

through radiation. When the surface of the vacuum cham-
ber is much larger than the surface of the cryocooler, the
radiative heat transfer is represented by

Q̇rad = εσBAcooler
(
T4

amb − T4
c

) ∝ Acooler ∝ x2, (17)

where σB is the Stefan-Boltzmann constant, ε is the emis-
sivity of the cryocooler, Tamb and Tc are the ambient and
cryocooler temperatures, and Acooler is the outside surface
of the cryocooler.

4. Heat-exchange loss

In optimizing the design of a CFHX, it is useful to
express losses (thermal and viscous) in terms of the
entropy that is produced due to these losses as Q̇loss =
T�Ṡprod [28,29]. The entropy Ṡprod generated in the
heat exchange between high-pressure gas, heat-exchanger
material, and low-pressure gas can be expressed by their
temperature profiles along the heat exchanger, represented
by Th, Tm, and Tl:

dṠprod,hx

dl
= teff,h

2λm

(ṁcp)
2

OThTm

(
dTh

dl

)2

+ teff,l

2λm

(ṁcp)
2

OTlTm

(
dTl

dl

)2

,

(18)

where λm is the heat-conduction coefficient of the CFHX
material, O is the channel perimeter, and teff,h and teff,l
are effective thicknesses of the high- and low-pressure
channel, respectively [28]:

teff,h = t + 2λm

hh
= t + 2λm

(
Dh

λgNu

)

h
∝ x, (19)

teff,l = t + 2λm

hl
= t + 2λm

(
Dh

λgNu

)

l
∝ x, (20)

where h is the convective heat-transfer coefficient, Dh is
the dydraulic diameter, t is the thickness of the wall, and
Nu is the Nusselt number.

Combining Eqs. (14) and (18)–(20) gives

Ṡprod,hx

dl
∝ ṁ2

x2 ∝ x4. (21)

Therefore, the power lost due to the imperfect heat
exchanger in the CFHX scales with x5.

Q̇hx = dṠprod,hx ∝ x5. (22)

Since the heat-exchange losses scale with x5 whereas the
cooling power scales with x3, it is clear that these heat-
exchange losses will not limit the scaling to smaller size,
but rather may limit upscaling to larger size.
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5. Viscous loss

In laminar flows (which is the case for small channels)
the entropy produced in a section of the channel can be
expressed as [28]

Ṡprod,fr = ṁ
ρT

C
2

μv

D2
h

dl. (23)

Using Eq. (23) we can write

Ṡprod,fr

dl
= ṁ2

ρ2AT
C
2

μ

D2
h

∝ ṁ2

x4 ∝ x2. (24)

Therefore, the power losses due to the flow resistance in
CFHX is

Q̇fr = TṠprod,fr ∝ x3. (25)

6. Expander loss

Here, expanders refer to any mechanical device that con-
verts the fluid exergy to work. Ideally, the fluid undergoes
isentropic expansion process through the expander. In the
real case, various irreversibilities increase the entropy of
the fluid, which results in less shaft work than the ideal
isentropic work. The increase in entropy occurs due to
the viscous friction in either boundary layers, free shear
layers, heat transfer across finite-temperature differences,
and nonequilibrium processes in very rapid expansions
or in shock waves [30]. These entropy-production terms
are determined not only by the turbine size but also by
the turbine type and configuration. Moody developed an
empirical correlation of the turbine efficiency (η, the ratio
of work delivered by the actual turbine to work deliv-
ered by an isentropic turbine) as a function of the turbine

diameter D [31]:

1 − η2

1 − η1
=

(
D1

D2

)0.25

. (26)

From Eqs. (15) and (26), we can find that larger turbines
are more efficient, and the expander loss is

Q̇exp ∝ ṁ (1 − η) ∝ x2.75. (27)

7. Total losses

Figure 4 summarizes qualitatively the scaling effect on
various parasitic loss due to heat exchange, conduction,
radiation, flow resistance, and expander in a recuperative
cryocooler. As can be seen from the figure, the conduction
is the dominant loss term at small size.

8. Measures to increase the net cooling power

In order to increase the net cooling power of a recupera-
tive microcooler with a given size, we could either increase
the gross cooling power or decrease the parasitic losses.

The gross cooling power of a recuperative cryocooler
increases with increasing mass-flow rate and with increas-
ing specific enthalpy difference of the gas between the
outlet and the inlet of the cryocooler. At fixed size the
mass-flow rate can only be increased by increasing the
pressure difference produced by the compressors, result-
ing in a higher pressure drop along the cryocooler. At fixed
size and fixed pressure drop, the only thing we can do is
to increase the specific enthalpy difference—for instance,
increasing the charge pressure, replacing the pure gas by a
mixture [32], or by using precooling [33].

The other option is reducing the parasitic losses that
include conduction loss, radiation loss, viscous loss,
expander loss, and heat-exchange loss.

Conduction loss is proportional to the material con-
ductivity; therefore, materials with low conductivities are
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FIG. 4. (a) Parasitic losses of recuperative cryocoolers versus size; (b) enlargement of the rectangular area near the origin shown in
(a). Units for all plotted quantities are arbitrary.
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FIG. 5. Temperature dependence of the thermal conductiv-
ity of several materials from Cryocomp [34] and MPDB [35].
CRP, carbon-reinforced plastic; SS 304, stainless steel 304; PS,
polystyrene; PC, polycarbonate.

preferred. Figure 5 gives the conductivity of different
materials, in which Pyrex glass, carbon-reinforced plastic,
polystyrene, and polycarbonate have much lower thermal
conductivity than materials like silicon and copper. As
indicated above, conduction is the dominating loss in scal-
ing to small size. A further way to reduce conduction loss
is increasing the ratio of the cross-section surface area to
the length of the cryocooler design [see Eq. (16)].

Radiation loss is proportional to the emissivity of the
cryocooler surface when the surface of the surroundings
is much larger than that of the cryocooler. When the cry-
ocooler is made of a material with a high emissivity, for
instance, glass with emissivity of 0.8–0.95 [36], it can be
covered with a thin layer of material with low emissivity
(for instance, gold with emissivity of 0.02 [37]). Viscous
loss is proportional to the friction factor, and decreasing
the friction factor can be realized by optimizing the inner
structure and the geometry of the flow channel [38–40].
Heat-exchange losses reduce with increasing Nusselt num-
ber [see Eqs. (18)–(20)], and a higher Nusselt number can
be realized by optimizing the inner structure of the flow
channel [40].

B. Regenerative cryocooler

1. Gross cooling power

The gross cooling power Q̇c, of a regenerative cry-
ocooler is given by [41]

Q̇c = π fVgasp0

(
p1

p0

)
cos θ ∝ f × Vgas × p1 ∝ x3, (28)

where f is the frequency, Vgas is the gas volume ampli-
tude, p0 is the average pressure, p1 is the amplitude of the

sinusoidal pressure, and θ is the phase angle by which the
volume flow V̇ leads the sinusoidal pressure p .

The volume flow and the sinusoidal pressure are given
by

V̇ = 2π fVgas cos (ωt + θ) (29)

and

p = p0 + p1 cos ωt, (30)

where ω is the angular frequency.

2. Parasitic losses

Losses in regenerative cryocoolers due to conduction
and radiation scale similar as in recuperative cryocoolers.
These losses are expressed by Eqs. (16) and (17). As indi-
cated before, the losses due to heat exchange will not limit
the miniaturization and are not considered here. Apart from
conduction and radiation, viscous losses may play a role.
The pressure in a regenerative cryocooler varies harmoni-
cally in time as expressed in Eq. (30) with a phase differ-
ence between compressor and cold stage. As a result, gas
flows from compressor to cold tip and back. Viscous losses
mainly occur in the flow through the regenerator. The
associated pressure drop varies also harmonically with the
same frequency; �p = αp1 sin(ωt + ϕ). Here ϕ is repre-
senting the phase angle and α represents the ratio between
the pressure-drop amplitude and the gas-pressure ampli-
tude. In well-designed regenerators this ratio is around
15%.

The resulting viscous losses can thus be expressed as

Q̇visc ∝ f × �p × Vgas ∝ f × p1 × Vgas ∝ x3. (31)

According to Eqs. (28) and (31), both the gross cool-
ing power and parasitic loss due to flow resistance of a
regenerative cryocooler are proportional to the cube of its
size as was the case in recuperative cryocoolers. As stated
above, radiation and conduction losses also scale in the
same way as in a recuperative cryocooler. Therefore, the
scaling effects on the cooling power and various parasitic
losses in a regenerative cryocooler are similar to the cases
in a recuperative cryocooler, and the conduction is the
dominant loss term at small size (see Fig. 4).

3. Measures to increase the net cooling power

The conduction and radiation losses of a regenerative
cryocooler can be reduced in a similar way as in a recu-
perative cryocooler. The gross cooling power of a regen-
erative cryocooler is the product of the frequency, the
pressure amplitude and/or the volume of the gas channel.
To increase the gross cooling power of a regenerative cry-
ocooler with a given size, we could increase the absolute
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(a) (b)

FIG. 6. (a) Adiabatic compression (a → b
′
) compared to isothermal compression (a → b). The blue area represents the extra work

that is required for adiabatic compression of the gas from volume Va to volume Vb. (b) Relative loss as a function of pressure ratio.

pressure amplitude or the frequency. In small cryocoolers
very high filling pressures are possible but achieving
high-pressure amplitudes, certainly at higher frequencies,
will be challenging. Increasing the operating frequency,
apart from possibly reducing the pressure amplitude, will
increase viscous losses. Furthermore, the thermal loss of
the compressor also increases with increasing frequency.
That is because the compression will be more and more
adiabatic instead of isothermal as the frequency increases.
This is discussed in more detail below.

In an adiabatic compression of an ideal gas [a → b
′
, see

Fig. 6(a)], the work done to the system is equal to

Wadi = γ

γ − 1
nRTa

[(
pb′

pa

)(γ−1)/γ

− 1

]

, (32)

where γ is the ratio of the specific heats cp/cv , which is
5/3 for helium.

For an isothermal process [a → b, see Fig. 6(a)], the
reversible work involved when an ideal gas is compressed
from state a to state b is equal to

Wiso = nRTaln
(

pb

pa

)
. (33)

Compared to the isothermal process, the extra power
(the blue area shown in Fig. 6) done to the system through
the adiabatic process is

Wlost = Wadi − Wiso. (34)

The relative extra power Wlost/Wiso for helium gas
increases with the pressure ratio, as shown in the right plot
of Fig. 6.

C. Vacuum

Microcoolers require vacuum insulation to minimize the
parasitic loss that is due to the heat flow from the warm
environment via the surrounding gas. As shown in Fig. 7,
the heat load on the microcooler from the environment
includes conduction and radiation. In the free molecu-
lar flow regime, the conductive heat load increases with
increasing surrounding pressure. Usually the design of the
microcooler package aims to have the conductive heat load
due to residual gas in the vacuum to be less than the radia-
tive heat load. The pressure corresponding to that transition
is about 0.01 Pa. Since both the radiation and gas conduc-
tion are proportional to the surface area of the microcooler,
scaling has no effect on the pressure at that transition point.

The increase in the pressure of a vacuum chamber is due
to the gases and vapors that are released from the chamber
surface by means of various mechanisms including inter-
nal and real leaks, vaporization, desorption, diffusion, and
permeation [43]. Internal leaks such as gas pockets and

FIG. 7. Heat load on a microcooler versus pressure in a vac-
uum chamber (adapted from Ref. [42]).

044044-8



CRYOGENIC MICROCOOLING... PHYS. REV. APPLIED 14, 044044 (2020)

real leaks caused by pathways through physical damages
should and can be prevented by proper design and careful
manufacturing. Vaporization can be prevented by proper
material section. The remaining two causes of pressure
increase, desorption, and permeation, cannot be prevented
but can be reduced and are considered here [42].

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 perme-
ation process. Desorption of water adsorbed on the internal
surfaces of a vacuum chamber often affects the life time of
the vacuum chamber.

The desorption rate, Ṅdes (Pa m3 m−2 s−1), can be
expressed as a first-order reaction:

Ṅdes = N
τ0

exp
(

− E
RT

)
, (35)

where N is the surface density of molecules, τ0 is the nom-
inal period of vibration of the bond between the adsorbed
molecule and the substrate, which is usually taken to be
about 10−13 s, R is the universal gas constant, T is the
temperature, and E is the activation energy of desorption.

The increase in pressure due to the desorption is given
by

dp
dt

= Ṅdes
A
V

kBT ∝ x−1. (36)

Permeation is a three-stage process, consisting of the
adsorption of gases at the exterior surface of the wall, the
diffusion through the wall, and the desorption at the interior
surface. The permeation of helium or hydrogen existing
in environments usually affects the life time of a vacuum
chamber.

In general, the diffusion through the wall determines the
permeation rate, Ṅper (Pa m3 m−2 s−1), which is described
by

Ṅper = DSpn

d
, (37)

where D is the diffusivity, S is the solubility, p is the partial
pressure of the gas under consideration, n is a constant that
is dependent on the gas and the material of the chamber
wall, and d is the wall thickness.

The increase in pressure due to the permeation is given
by

dp
dt

= Ṅper
A
V

kBT ∝ x−2. (38)

These Eqs. (36) and (38) indicate that a smaller size will
cause a faster pressure increase and thus a shorter “vac-
uum life.” Imagine as an example a cryocooler system of
which the size is of the order of 1 meter and this system
has a vacuum life time of 10 years. And assume we scale
down that system to centimeter size using the same mate-
rials and vacuum techniques. Then, the vacuum life time
of that down-scaled system would be of the order of 1
month, or even less if permeation contributes significantly
to the gas-pressure increase. As indicated above vacuum
is a challenge in small-scaled cryosystems. Careful man-
ufacturing along with additional sorbents installed in the
vacuum space are required for establishing operating times
of multiple years [42].

IV. MICROSCALE MANUFACTURING
TECHNOLOGIES

In order to meet the demands of miniaturization
trends, various microscale manufacturing technologies-
manufacturing processes for creating miniature devices or
components with dimensions that are in the range of a
few tens of nanometers to a few millimeters [44], have
been developed to have better quality devices, and cheaper
and more effective processes. In this section, a review is
given of these microscale manufacturing technologies split
in lithographic and nonlithographic technologies. Litho-
graphic micromachining technologies are derived from the
microelectronic processes that include patterning, etching
(like chemical etching and powder blasting), bonding,
and dicing. Nonlithographic micromachining technolo-
gies are either miniaturized versions of macroscale pro-
cessing techniques or techniques newly conceived for
microscale manufacturing such as mechanical microma-
chining (MMM), electrical-discharge machining (EDM),
and additive manufacturing (AM), also known as 3D print-
ing. Table II gives a comparison of these micromachining
technologies.

TABLE II. Comparison of micromachining technologies.

Machining method Minimum feature Tolerance Production rates Materials

Chemical etching [45] 13 nm 1 nm Method-dependent Silicon, glass
Powder blasting [46] 50 μm 2.5 μm High Brittle materials
MMM [47] 10 μm 1 μm High Any
EDM [47] 10 μm 1 μm High Conductive materials
AM [48] 2 μm 25–100 nm Feedstock-dependent Plastic, metal, ceramics and glass
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FIG. 8. Main processing steps of the photolithography
(adapted from Ref. [50]).

A. Lithographic micromachining technologies

Lithographic micromachining technologies include pat-
terning, etching (chemical and physical), bonding, and
dicing [49].

1. Patterning

Lithography involves formation of patterns on a pho-
toresist, which is deposited on a substrate. In this process,
the substrate is first coated with a thin photoresist layer.
The substrate is then exposed to radiation of a particu-
lar wave length through a mask (a transparent photomask
coated with an opaque pattern), causing either weakening
of positive photoresist or strengthening of negative pho-
toresist. The weaker photresist is removed by applying a
solvent (developer) to the surface. Thus the mask is copied
positively or negatively onto the substrate (see Fig. 8).

2. Chemical etching

In the etching process, the material of the wafer is
removed selectively using the patterned photoresist as a
mask. There are two basic categories of etching processes:
chemical etching and powder blasting. Chemical etch-
ing includes wet etching and dry etching. In wet etching,
the material of the wafer is dissolved by immersing it in
a chemical solution. Whether the etching is isotropic or
anisotropic depends on the properties of the wafer material

and the solution. In dry etching, the material of the wafer
is sputtered or dissolved using ions or plasma (mixture of
electrons, ions and neutrals). Plasma etching refers to the
process that is purely chemical, whereas reactive ion etch-
ing (RIE) refers to the process in which ion bombardment
of the wafer surface plays a synergistic role in the chemical
reaction [51]. Deep reactive-ion etching (DRIE) is a highly
anisotropic etching process used to create structures with
high aspect ratios.

3. Powder blasting

In powder blasting a high-velocity air jet containing
powder particles is used to impinge on and erode mate-
rial from a surface [46,53,54]. When a powder particle
indents the surface of a brittle material such as glass or
silicon it generates cracks and a plastic zone around the
impact point. Powder blasting is a pure mechanical pro-
cess, and the mask material for powder blasting is required
to be ductile and thick, in order to prevent the particles
penetrating through the mask and damage the work piece.
Powder blasting is, because of its high aspect ratio and rel-
atively large minimum feature, mainly used for creating
small holes and slits through a wafer.

Figure 9 shows the differences of typical products fab-
ricated by using isotropic chemical etching, anisotropic
reactive ion etching, and powder blasting. Compared to
chemical etching, powder blasting results in a higher
surface roughness.

4. Wafer bonding

In order to create a closed volume in a channel as part
of a microcooler, two wafers need to be stacked, one con-
taining the volume or channel and the other closing it.
The two wafers need to be firmly connected. Such a fix-
ation of wafers can be established by bonding [49]. This
section discusses fusion and anodic bonding that are the
most commonly used technologies in microfluidics.

Fusion bonding refers to the process of adhesion of two
highly polished wafers without using any intermediate glu-
ing layers (see Fig. 10). In fusion bonding, the wafers are

20 mμ 10 mμ 40 mμ

FIG. 9. Typical products of isotropic chemical etching, anisotropic reactive ion etching, and powder blasting (adapted from
Ref. [46,52]).
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Fusion bonding (silicon-silicon)

Anodic bonding (glass-silicon)
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FIG. 10. Schematic of the fusion bonding and anodic bonding.

firstly prebonded at room temperatures via relatively weak
intermolecular attractive forces, such as van der Waals
forces or forces associated with hydrogen bridge bonds.
Subsequent annealing at elevated temperatures of about
1000 ◦C results in much higher bond strengths via cova-
lent bonds [55]. The bonding includes three procedural
steps, namely, wafer preprocessing, prebonding at room
temperatures, and annealing at elevated temperatures.

Anodic bonding is a wafer-bonding process to seal glass
to either silicon or metal without introducing an intermedi-
ate layer (see Fig. 10); it is commonly used to seal glass to
silicon wafers in electronics and microfluidics. During the
anodic bonding, wafers are heated up to about 200–500◦C,
and then a dc voltage of about 500 V is applied across
the wafers (see Fig. 10). The electrical field causes the
positively charged ions (sodium ions in glass) to migrate
through the glass to the negative electrode, leaving the
stronger bound negative ions behind. After the positive
ions have drifted towards the cathode, a large potential
drop occurs at the glass-silicon interface, which pulls the
wafers together. Here the silicon and oxygen react, forming
a SiO2 layer, which gives the strong bond between silicon
and glass.

5. Dicing process

During the dicing process, the bonded substrates are
divided into single units, or dices. The dicing process is
accomplished by mechanically sawing or laser cutting the
bonded substrate in areas between the units (often referred
to as either dicing streets or scribe lines).

B. Nonlithographic micromachining technologies

As mentioned above, the nonlithographic technolo-
gies are mechanical micromachining, electrical discharge
machining and additive manufacturing. These are dis-
cussed in more detail below.

1. Mechanical micromachining

Mechanical micromachining, scaled-down versions of
traditional material removal processes as turning, milling,
and drilling, is closest to traditional tool technology [57].
A specific technology to be mentioned is laser-beam
micromachining and laser-beam welding [58,59]. It has
advantages in terms of material choices and complexity
of produced geometry. Figure 11 shows some mechanical
micromachined cryocooler components.

2. Electrical-discharge machining

Electrical-discharge machining is the process of
machining electrically conductive materials by using pre-
cisely controlled sparks that occur between an electrode
and a component in the presence of a dielectric fluid [see
Fig. 12(a)] [60,61]. The spark vaporizes the surface of
the component, shaping it in the desired manner. EDM
is primarily used for hard metals or those that would be
very difficult to machine with traditional techniques, for
instance, laser sintered metal parts made by 3D print-
ing. Figure 12(b) shows the image of a microhole with a
diameter of about 115 μm obtained by EDM.

3. Additive manufacturing

Additive manufacturing (AM), differing from the con-
ventional method based on removing material, can build
complex components by adding layer upon layer of mate-
rial such as plastic, metal, ceramics, and glass. Minimum
feature size in AM is generally limited by the feed-
stock state such as powder, wire, sheet, and ink. Various
overviews of additive manufacturing techniques have been
given in the literature [63–66].

A specific AM method that has been used to fabricate
miniature components of cryogenic systems is selective
laser sintering (SLS). This method uses a laser to sinter
powder of plastic, ceramic, glass, metal, or other materials
to build an object [see Fig. 13(a)]. The SLS process sin-
ters the powders layer by layer. After one layer is built,
the powder feed tray raises, a roller transfers new powder
to the build tray as needed, and another layer is built on
top of the existing layers. This process is repeated until the
object is complete. Vanapalli et al. developed a compact
flat-panel heat switch with a gas-gap spacing of 200 μm
operating at room temperature [67] and cryogenic temper-
atures [68]. The heat switch is produced from Ti-6Al-4V
powder by using a selective laser-sintering method [see
Fig. 13(b)]

Other examples of additively manufactured cryocooler
components are depicted in Fig. 14. Figure 14(a) shows
a 3D-printed support of the third stage a 4 K cryocooler
developed by University of Glasgow and Rutherford
Appleton Laboratory. The support is made of VeroGrey
giving structural stability with a low thermal conductance
[69]. Figure 14(b) shows a 3D-printed supporting structure
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Compressor

Check valve End part of a sorption compressor cell

Turbines
FIG. 11. Mechanical microma-
chined cryocooler components.
The top two photos show com-
pressor and expander turbines
developed by Creare [56], and the
bottom photos are from Univer-
sity of Twente and show the flap
of a passive valve outer diameter
of 11 mm and the end part of a
sorption compressor cell.

made of Ti-6Al-4V. The support thermally insolates the
300 K outside from the 103 K intermediate stage. Inside
the 103 K enclosure an IR detector is cooled to 40 K
[70,71].

V. PROGRESS IN THE MINIATURIZATION OF
CRYOCOOLERS

This section reviews developments in miniaturization of
both recuperative and regenerative cryocoolers.

A. Developments on recuperative microcoolers

Since the 1980s, there have been several studies on
the miniaturization of JT cryocoolers, dealing with the

optimization of the CFHX and with various techniques for
manufacturing the cold stage [28,72–78]. In this section,
the development of JT microcoolers is reviewed.

1. Stanford University and MMR Technologies, Inc.

Little et al. pioneered the work on recuperative micro-
coolers by using lithography-based micromachining tech-
nologies. They made the first microcooler by using silicon
and glass [79], which was successfully used to operate with
CO2 and ethylene. However, the microcooler did not work
with N2 because of the thermal losses caused by the large
thermal conductivity of silicon.

Workpiece
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od

e

dc pulse
supply

Motor

Dielectric fluid
Tank

Spark

113.238
20 mμ

115.077

115.365

113.657

(a)
(b)

FIG. 12. (a) Schematic of electric discharge machining; (b) SEM image of a microhole obtained by micro EDM in NiTi shape
memory alloy (adapted from Ref. [62]).
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FIG. 13. (a) Principle of SLS method; (b) Heat switch produced by SLS (adapted from Ref. [67]).

Garvey et al. [73] developed a microcooler with a size
of 0.5 × 2 × 15 mm [see Fig. 15(a)]. The microcooler
was made of glass wafers by using an abrasive etching
process. The microcooler operated with nitrogen gas and
produced a cooling power of 25 mW at 88 K. To fur-
ther reduce the cold-end temperature, a design with serial
two-stage expansion of Linde [80] was adopted to reduce
the pressure drop along the low-pressure channel. In the
design with serial two-stage expansion of Little, 80% of
the gas first expanded to 2.6 MPa, while the remaining 20%
expanded further to 0.11 MPa [81]. This design resulted in
a smaller mass-flow rate through the evaporator, allowing
a lower pressure and consequently a lower temperature of
80 K. The internal structure of the microcooler is given in
Ref. [81].

To realize the cooling of infrared detectors with an oper-
ation temperature below 80 K. Little et al. developed a fast
cool-down microcooler with a size of 1.25 × 12.5 × 45
mm [see Fig. 15(b)]. It consisted of five glass substrates

each of 0.025 cm thickness and its internal structure is
given in Ref. [82]. The high-pressure channel of the micro-
cooler is a serpentine channel with a width of 86 μm
and a height of 40 μm, while the low-pressure channels
have deeper and wider channels (no specific values were
given). The microcooler had two stages that were operated
with nitrogen-hydrocarbon gas mixtures (28.8% N2, 39.5%
CH4, 27.7% C2H6, and 4% C3H8) and nitrogen, respec-
tively. The reason for using two stages is to realize fast
cooldown because the stage of the nitrogen-hydrocarbon
gas mixtures provided large refrigeration capacity to obtain
a rapid cooldown of the bulk of the microcooler and to pre-
cool the nitrogen stage and increase the efficiency of that
stage. By pumping on the nitrogen exhaust with an exter-
nal vacuum pump, the microcooler cooled down from 300
K to 70 K in 14 s.

A disadvantage of the JT expansion is that cooling
only occurs if the initial temperature of the gas, prior to
expansion, is below the inversion temperature of the gas.

(a) (b)

FIG. 14. (a) 3D-printed thermal isolation mount made of VeroGrey (adapted from Ref. [69]). (b) Monolithic support structure made
of Ti6Al4V (adapted from Ref. [71]).
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(a) (b)

(c)

FIG. 15. Microcoolers developed at Stanford University and MMR. (a) 88 K single-stage nitrogen JT cryocooler (adapted from
Ref. [10]); (b) 77 K two-stage nitrogen-hydrocarbon gas mixture-nitrogen JT cryocooler (adapted from Ref. [83]); (c) 20 K two-stage
nitrogen-hydrogen JT cryocooler (adapted from Ref. [84]).

In order to reach temperatures near the normal boiling
points of neon, hydrogen, or helium in a JT cryocooler
starting from ambient temperature, a multistage JT cry-
ocooler is required. Little reported a seven-wafer stack
two-stage microcooler with a total length of 75 mm [84]
[see Fig. 15(c)]. The two-stage microcooler using nitrogen
and hydrogen as working fluids was designed for operating
at around 20 K region, however, the measured perfor-
mance of the two-stage microcooler was not reported.
The measured performance of an 85-mm-long two-stage
microcooler operated with nitrogen and neon was reported
[85]. The nitrogen stage had a cold-end temperature of 89
K and the neon stage had a cooling power of 100 mW at
34 K.

Besides the 70 K and 80 K microcoolers, the internal
structure and dimensions of Little’s other designs were
not described in detail. Little patented several designs of
microcoolers with different internal structures [86], how-
ever, the patented designs are different from the adopted
design. For instance, the patented design of the two-
stage microcooler is composed of five wafers, whereas the
adopted design consists of seven wafer layers.

2. University of Twente

At the University of Twente, ter Brake et al. started the
research on microcooling in the late 1990s [87,88]. The
development of microcoolers includes the development in
fabrication technology and thermodynamic modeling [89].
Fabrication technology went through three stages, namely,
handmade, semimicromachined, and fully micromachined
(see Fig. 16).

Holland et al. presented two handmade cryocoolers with
glass-tube heat exchangers [76] (see Fig. 16). In both cry-
ocoolers a tube-in-tube CFHX was used, one with a length
of 270 mm, the other 105 mm. The tubes were made of
fused silica glass with inner and outer diameters of 0.1
and 0.36 mm, and 0.53 and 0.67 mm, respectively. The
restrictions of the cryocoolers could be tuned at the room-
temperature side of the cryocooler. Operated with nitrogen
gas between 0.1 and 10.0 MPa, a minimum temperature of
82 K could be obtained by both cryocoolers with different
mass-flow rates.

Burger et al. explored the possibility to fabricate JT
cryocooler parts by means of micromachining technology
[11,90] (see Fig. 16). They realized a semimicromachined

MicromachinedSemimicromachinedHandmade

FIG. 16. Development line in fabrication technology of microcoolers at University of Twente (adapted from Refs. [76,78,90]).
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20 mm10 mm10 mm

(a) (b) (c)

FIG. 17. Micromachined cryocoolers developed at university of Twente (adapted from Ref. [89]). (a) 100 K TE-JT hybrid
microcooler; (b) 83 K microcooler with parallel two-stage expansion; (c) 30 K two-stage microcooler.

cryocooler, of which the components of flow splitter,
condenser, and restriction and evaporator were micro-
machined, whereas the heat exchangers still were glass
tubes. All the three micromachined components were
glued together with tube-in-tube CFHXs to form a whole
cryocooler. They combined the semimicromachined cry-
ocooler with a sorption compressor and in that way pro-
duced a closed-cycle cooling system. The cryocooler oper-
ated with ethylene gas and had a cooling power of about
200 mW at 169 K, when it was precooled to 238 K with
a TE cooler [11,90]. After that, micromachining technol-
ogy was further explored at University of Twente and
fully micromachined cryocoolers based on different cool-
ing cycles were designed through modeling and realized
by using micromachining technology only.

Lerou et al. optimized single-stage microcoolers for
maximum performance at smallest size by minimizing the
entropy generation [28]. The microcoolers consisted of a
stack of three wafers (see Fig. 16). The high- and low-
pressure lines are etched in separate wafers with supporting
pillars. These gas channels are separated by a middle
wafer, thus constituting a CFHX. One end of the CFHX
contains inlet and outlet ports for gas connections and
the other end consists of a restriction and an evaporator.
The microcoolers were made of Borosilicate glass D263T
and fabricated by micromachining technology only [77].
A thin, highly reflective layer of gold was sputtered on the
outer surface to minimize the parasitic heat loss caused by
radiation. When the microcoolers were operated with nitro-
gen gas between 0.6 and 8.0 MPa, a cold-end temperature
of 100 K was obtained with cooling powers in the range
of 10–130 mW, depending on the size of the restriction
and the cryocooler [78,91]. When these microcoolers were
operated with methane gas at a low pressure of 0.4 MPa,
a cold-end temperature of 140 K could be obtained. The
cooling powers were in the range of 28–110 mW, depend-
ing on the high pressure, the size of the restriction and
the cryocooler [91]. Compared to pure gas, mixed gases
provide an equivalent cooling power with a significantly
lower pressure ratio and mass-flow rate. Derking et al.
investigated the performance of the microcooler operated

with gas mixture, driven by a linear two-stage compressor
developed by the Rutherford Appleton Laboratory. When
the microcooler was operated between 0.13 and 0.94 MPa
with a ternary gas mixture of 39 mol% methane, 20 mol%
ethane, and 41 mol% isobutene, it cooled down to below
130 K, and had a cooling power of 46 mW at 150 K [32].

Microcoolers operated with nitrogen gas required high
pressures of about 8.0 MPa. Such high pressures severely
add complexity to the development of compressors. To
overcome this disadvantage, a TE-JT hybrid microcooler
was developed [33] [see Fig. 17(a)]. The hybrid micro-
cooler delivered an equivalent cooling power with a lower
pressure or, alternatively, a higher cooling power when
operating with the same pressure. It was found that the high
pressure of the JT microcooler can be reduced from 8.8 to
5.5 MPa by lowering the precooling temperature from 295
to 250 K. Moreover, the effect of TE-cooler position on
the performance of the hybrid microcooler was evaluated
through simulation analyses.

The cold-end temperature of a JT cryocooler is deter-
mined by the exhaust pressure and the pressure drop along
the low-pressure line. To reduce that pressure drop and
reach a lower temperature, an 85 K microcooler with
parallel two-stage expansion was developed [92] [see
Fig. 17(b)]. In parallel two-stage expansion, only part of
the high-pressure gas was expanded through a first restric-
tion and returned at a relatively high temperature. The
remaining gas continued to the second restriction and
evaporator. Compared to the serial two-stage expansion of
Little [81], the mass-flow rate through the second restric-
tion of the cycle with parallel two-stage expansion was far
less dependent of the pressure drop in the return line after
the first restriction.

Cao et al. developed a two-stage JT microcooler oper-
ating at 30 K with modest pressures based on a stack of
three wafers only [see Fig. 17(c)]. Hydrogen and neon
were compared as operating fluids for reaching 30 K in
the second stage, and hydrogen had a better performance
[93]. The working fluid for the precooling stage was also
optimized, resulting in nitrogen gas as the best choice.
In the microcooler, the high- and low-pressure lines were
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etched in the middle and bottom wafers. The high-pressure
line ended in a flow restriction, which was extended to
the evaporator volume and connected to the low-pressure
line. Thus, a CFHX was formed by the high- and low-
pressure channels and the thin intermediate glass wafer. In
order to increase the heat transfer between precooler and
the evaporator of the nitrogen stage, these were integrated
into a compact design with a relatively large heat-transfer
area. When the microcooler was operated with nitrogen gas
between 0.1 and 8.5 MPa in the first stage and hydrogen
gas between 0.1 and 7.0 MPa in the second, the two stages
cooled down to about 94 and 30 K, respectively. In chang-
ing the pressure settings, the cooling power can more or
less be exchanged between the two stages. These typically
ranged from 21 to 84 mW at 95 K at the nitrogen stage,
corresponding to 30 to 5 mW at 31–32 K at the hydrogen
stage [94].

The miniaturization of JT cryocoolers results in vari-
ous interesting challenges. One of these is the deposition
of ice at the surfaces in the channels formed from water
vapor that is present in the working fluid. Ice forms and
at some moment may clog the cryocooler channels. The
mechanism of clogging was investigated by Lerou and
Cao et al. through experimental observation and theoreti-
cal analysis by using a microcooler operating with nitrogen
gas [95–98]. It was found that the position and the rate
of the deposition of water molecules in the microcooler
mainly depend on both the inlet partial pressure of water
and the temperature profile along the microcooler. During
the cool-down process, the JT restriction first cooled down
to cryogenic temperatures and water molecules deposited
inside it. As the microcooler reached the cold-end tem-
perature, the main deposition area shifted into the CFHX.
Three measures were proposed to reduce the clogging rate:
decreasing the water fraction in the supply gas using a
getter filter; trapping most of the water molecules in the
CFHX by decreasing the temperature gradient along the
restriction; using a single microchannel at the JT restric-
tion having a height-to-width ratio close to 1 instead of a
number of smaller parallel channels.

Another challenge is the design of CFHXs that have a
crucial influence on the overall behavior performance of
microcoolers. Cao et al. investigated the flow and the heat-
transfer characteristics of CFHXs with truncated cone-
shaped pillar arrays [40]. A staggered arrangement of the
pillars was chosen in the high-pressure channel of CFHXs
to increase the heat-exchanger efficiency and thus the cool-
ing power, whereas an aligned arrangement of the pillars
was adopted in the low-pressure channel of CFHXs to
reduce the pressure drop and thus lower the cold-end tem-
perature. Besides the pillar arrays, it was found that flow
maldistribution, especially those with phase change, can
adversely affect the microcooler performance. Cao et al.
revealed that the flow maldistribution was caused by the
nonuniform heat-load distribution along the microcooler

and the flow maldistribution was further amplified by the
Joule-Thomson cooling effect [99]. It was suggested to
place devices to be cooled on a piece of silicon that was
thermally connected to the cold end of the microcooler, in
order to achieve a uniform heat-load distribution.

The application potentials of a microcooler coupled
with electronic devices has been demonstrated by cooling
an yttrium barium copper oxide film through its super-
conducting phase transition by using a 30 K two-stage
microcooler [100]. The utilization of the microcooler in
cooling a low noise amplifier (LNA) was investigated by
using a 115 K single-stage microcooler [101]. The perfor-
mance of an antenna system can be improved by cooling
the LNA stage in order to reduce its noise figure. By cool-
ing the LNA from 295 to 115 K, the average noise figure
decreases from 0.83 to 0.50 dB, which implied that the
active area of a telescope with certain sensitivity can be
reduced about 43% by using JT microcooling. Kalabukhov
et al. demonstrated a 75 K microcooler can be successfully
utilized for cooling a bicrystal high-TC SQUID gradiome-
ter in shielded magnetic environment. Further optimization
of the open-cycle microcooling system includes the elim-
ination of additional wire resistance and electromagnetic
interference from the miniature membrane pump in the
control unit. Moreover, the gas cylinder in the open-cycle
loop is expected to be replaced by a miniature gas com-
pressor in order to realize a closed-cycle microcooling
system [9].

3. NIST and University of Colorado

In 2006, NIST and the University of Colorado (CU),
initiated a collaborative effort to develop a closed-cycle
microcooler, which was designed to deliver a cooling
power of about 9 mW at or near 80 K with less than
270 mW of input power to the compressor [102]. In those
developments, Lin et al. [103] reported a microcooler oper-
ating with a five-component mixture (14 mol% propane,
16 mol% ethane, 22 mol% methane, 42 mol% nitrogen,
and 6 mol% neon). The CFHX of that microcooler was
formed by six hollow-core glass fibers with inner and outer
diameters of 75 and 125 μm placed in a fiber with inner
and outer diameters of 536 and 617 μm. This tube-in-shell-
type heat exchanger had a length of 25 mm (see Fig. 18).
The CFHX was solder bonded to a silicon cold end with
an area of 2 mm2. With a precooling temperature of 240 K,
the cold head reached a transient temperature of 76 K and a
stable temperature of 140 K with low and high pressures of
0.07 and 1.4 MPa, delivered by a macroscale compressor.

Of the same team, Lewis et al. [104] demonstrated
a microcooler coupled with a miniature compressor for
cooling to 200 K, using a hydrocarbon mixture (8 mol%
methane, 46 mol% ethane, 14 mol% propane, 4 mol%
butane, 26 mol% pentane) as refrigerant. The compressor
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FIG. 18. NIST microcooler (adapted from Ref. [103]). (a) Photo of the cold stage; (b) sschematic of the cold stage; (c) cross section
of JT valve; and (d) coupler showing the path of warm high-pressure refrigerant (red) as it expands to a lower pressure and cools
(gray).

was a miniature compressor formed by coupling a pis-
ton oscillator with a micromachined check-valve assembly.
The miniature compressor had a diameter of 2.5 cm and a
length of 6.5 cm [105]. The linear and volume displace-
ments are 3 mm and 0.3 ml, respectively. With a high
pressure of 0.51 MPa and a low pressure of 0.1 MPa,
the microcooler cooled down from 295 to 200 K in sta-
ble operation, and 166 K in transient. To investigate the
temperature instabilities, Bradley et al. [106] compared the
performance of the microcooler to that of a mesocooler.
In comparison, the mesocooler was designed for the same
working fluid with a mass-flow rate of about 3 to 5 times
that of the microcoolers. The mesocooler demonstrated
fluctuations in mass-flow rate that gave rise to temperature
fluctuations of a few Kelvin but remained very stable at
a low temperature of about 170 K. The results suggested
that the mesoscale cryocooler did present opportunities
for characterizing and validating mixed refrigerants for a
microcooler. However, the temperature instabilities of a
microcooler can also be caused by flow oscillations caused
by liquid plugs in the high-pressure line [107], which need
to be further investigated.

Wang et al. developed a polymer-based planar micro-
cooler, which contained a polymer heat exchanger and
a silicon and glass JT restriction [108,109]. Combined
with a miniature compressor developed by Lewis et al.
[104], the microcooler reached a 233 K stable tempera-
ture when it was operated with the hydrocarbon mixture
(8 mol% methane, 46 mol% ethane, 14 mol% propane, 4
mol% butane, 26 mol% pentane) between 0.15 and 0.7
MPa. Wang et al. [110,111] improved their design and
realized a monolithic polymer microcooler, in which the
heat exchanger and the restriction were both fabricated

monolithically on a wafer all using polyimide (see Fig. 19).
In contrast to the assembly-based microcooler, this mono-
lithic polyimide microcooler did not encounter mechanical
leakage problems. Using the same hydrocarbon mixture as
given in the literature [108,109], the cold-end temperatures
were reduced from 233 to 190 K.

In order to minimize the required pressures and to
eliminate the problem of pulsating flow and tempera-
ture oscillations due to the use of mixed refrigerants, a
five-stage cascaded cryocooler design was proposed by

20 μm

Use polyimide film to cap and epoxy to seal the hole

Cr layer for thermal
shielding

To the
compressor

Tethers

3 mm 2 mm Small gap as a J-T valve Releasing holes

Channel – 1 (upper channel)

Channel – 2 (lower channel)

20 μm

10 μm

Small gap as a J-T
valve

Silicon oxide Out going
refrigerant

Incoming
refrigerantSi substrate

FIG. 19. Cross-section view and the top view of the monolithic
polyimide microcooler developed by NIST and CU (adapted
from Ref. [111]).
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Radebaugh [112]. The initial theoretical thermodynamic
analysis showed that a temperature of 145 K could be
achieved through cascading five stages and pressure ratios
of around 4. A preliminary layout for a five-stage, double-
layer cold head for a net refrigeration power of 350 mW at
150 K was presented in Ref. [113]. Based on the proposal
of Radebaugh [112], Coolidge [114] designed, fabricated,
and characterized a two-stage cascaded microcooler and
a three-stage cascaded microcooler. The two-stage micro-
cooler was operated with isobutene and propane between
0.1 and 0.4 MPa, providing a cooling power of 150
mW at 228 K, whereas the three-stage microcooler was
operated with isobutene, propane and R116 between 0.5
and 0.1 MPa, providing a cooling power of 15 mW at
193 K.

4. University of Michigan and University of Wisconsin

Zhu et al. reported a 1 × 1 cm2 lithography-based recu-
perative heat exchanger for use with JT cryocoolers, in
which numerous silicon plates were fabricated and stacked
alternating with glass spacers [115,117] (see Fig. 20).
The design was similar to the recuperative heat exchanger
for turbo-Brayton cryocoolers developed by Hill et al. at
Creare [118]. The thicknesses of the silicon plate and the
glass spacer were 500 and 300 μm, respectively. The sil-
icon plate had two rows of opening slots as high- and
low-pressure channels. The slot had a width of 50 μm, a
length of 1400 μm and a gap between each slot of 50 μm.
White et al. presented a numerical modeling technique for
this lithography-based heat exchanger, which was exper-
imentally validated [119]. Park et al. [116] developed

FIG. 20. Schematic (top left) and photograph (bottom left) of the perforated-plate heat-exchanger design 1 × 1 cm2 (adapted from
Ref. [115]). The thickness of the Si plate in each die is 500 μm. The thickness of the Pyrex spacer is 300 μm. Schematic (top right)
and photograph (bottom right) of the microvalve (adapted from Ref. [116]). The microvalve consists of a ceramic-PZT (lead zirconate
titanate)-Si-glass structure. PZT stack actuator moves the silicon plate to open or close the valve. Microgroove patterns are fabricated
on the silicon plate to increase the flow area.

044044-18



CRYOGENIC MICROCOOLING... PHYS. REV. APPLIED 14, 044044 (2020)

a piezoelectrically actuated microvalve with dimensions
of 1 × 1 × 1 cm3 for flow modulation at cryogenic tem-
peratures at University of Michigan and University of
Wisconsin. Zhu et al. [120] used this microvalve in a
JT cooling system as a tunable restriction with a silicon
and glass heat exchanger. The tunable JT restriction facil-
itated the adjustment of the cooling power during steady
operation, as well as during the cool down of the micro-
cooler. They modulated an ethane gas flow between 80 and
100 mg s−1 with the cryocooler operating between 0.1 and
0.53 MPa. When the restriction was fully open, the cry-
ocooler provided cooling powers of 75 mW at 255 K and
150 mW at 258 K. The experimental cool-down time was
long because of the large thermal mass of the whole sys-
tem. Further improvement in the integration of the tunable
restriction and the heat exchanger is still necessary to elim-
inate the accompanying tubing and fittings to reduce the
total thermal mass.

5. Other institutes and universities

Gong et al. [121] introduced a closed-cycle miniature
JT cryocooler driven by an oil-lubricated minicompressor
with a suction volume of 1.4 cm3 [see Fig. 21(a)]. The cry-
ocooler with dimensions of 152 × 19 × 8 mm3 includes
a plate fin micro-heat-exchanger, a JT restriction and an
evaporator. The heat exchanger made of stainless steel was
machined by using a wire-electrode cutting method. The
height of the fin was 3 mm and 2.5 mm for the low- and
high-pressure channels, respectively. The width of the fin
was 0.3 mm, and the size between two fins was 0.2 mm.
The miniature JT cryocooler was operated with a mixture
(22.8 mol% N2, 32.4 mol% CH4, 6.8 mol% C2H6, 20.9
mol% C3H8, 17.2 mol% iC4H10) between 0.19 and 1.7
MPa, and it cooled down to 112 K with a cooling power

of 4 W at 118 K. Geng et al. designed and fabricated two
miniature JT cryocoolers with a length of 200 mm [see
Fig. 21(b)] [122]. The first cryocooler consisted of a stack
of six layers of high- and low-pressure channels and six
parallel rectangular channels were etched in each layer.
The cryocooler had a cold-end temperature of 178 K when
it was operated with argon between 0.1 and 7 MPa. To
reduce the axial heat conduction, in the second design the
walls separating the six parallel channels were replaced by
pillars. The second cryocooler had a cold-end temperature
of 191 K when it was operated with argon between 0.1 and
5 MPa.

Considerable research has been conducted on the minia-
turization of JT cryocoolers. However, these microcoolers
were mainly driven by high-pressure gas cylinders rather
than by compressors. A compressor is the major bottle-
neck in miniaturizing a closed cycle JT cooling system
[123]. Sathe et al. investigated the performance of a minia-
ture rotary compressor designed and fabricated by Aspen
Compressor [124]. The tested compressor had a height
of 78 mm, diameter of 56 mm, weight of 0.6 kg, com-
pressor displacement of 1.4 cm3, maximum compression
ratio of 8:1, and maximum working pressure of 2.4 MPa
[125]. The Aspen compressor was recommended by Little
to drive a gas mixture [10]. Lin et al. linked Aspen com-
pressors in series to provide a pressure ratio of up to 20:1
and integrated this set with microcoolers [103]. Gong et al.
[121] combined an Aspen compressor with a miniature
cryocooler, thus creating a closed-cycle cooling system, in
which the mixture was compressed from 0.19 to 1.7 MPa.
The Aspen compressor was oil lubricated, and because
the lubricant oil could cause a mixture composition shift
[126] and clogging at the cold end, an oil separator was
required in the cooling system. Due to the adverse effect
of the lubricant oil, the research on oil-free compressors is

(a) (b)

FIG. 21. (a) Schematic of Gong et al.’s miniature JT cryocooler (adapted from Ref. [121]). (b) Schematic of Geng et al.’s miniature
JT cryocooler (adapted from Ref. [122]).
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also being carried out. Sobol et al. [127] reported a minia-
ture piezoelectric compressor, which had two compression
stages and delivered a pressure ratio of 1:14.7 with a mass-
flow rate of nitrogen gas of 21 mg s−1. The geometry of the
compressor was not given. Lewis et al. [128] presented a
study describing the fabrication, assembly, and testing of
a micro-gas-compressor. The compressor was formed by
lithography-based check valves coupled to a Kapton mem-
brane driven by a mechanically amplified piezoelectric
actuator. The compressor provided a maximum pressure
ratio of 4.3:1 and a maximum volume-flow rate of air of 51
standard cm3 min−1 (that is about 1 mg s−1). Simon et al.
[129] developed a piezoelectric microcompressor with a
stroke of about 28 μm and a swept volume of about 2
mm3. The microcompressor had a total volume of 10 cm3

and produced a maximum pressure ratio of 21 with no
flow. Champagne et al. [130] adapted a traditional ac dual-
opposed piston compressor with linear drive motors to a dc
compressor by using check valves. The compressor had a
length of 90 mm and a weight of about 200 g, and produced
a pressure ratio of 1:3 with a mass-flow rate of argon gas
of 27 mg s−1. Burger et al. [90] realized a sorption com-
pressor by using activated carbon, and the compressor cell
had a diameter of 10 mm and a length of 100 mm. The
sorption compressor provided a mass-flow rate of ethylene
of 0.5 mg s−1 between 0.2 and 1.5 MPa. Olson et al. [131]
modified a 200-g pulse-tube microcompressor for use as a
JT compressor. Two check valves were added to each com-
pressor module in order to convert the ac pressure wave
into a continuous dc flow. The compressor was capable of
delivering a closed-loop dc gas flow with pressure ratios
from 2:1 to as high as 5:1 with a compression efficiency of
20%–30% of the ideal compression.

All the above-mentioned compressors are not truly
micromachined compressors. Yoon et al. [134] reported a
micro-gas-compressor fabricated on silicon substrates. The

compressor consisted of a compression chamber (12 mm
× 12 mm × 7–12 μm), check valves (1 mm × 2 mm
× 50 μm) and a silicon membrane (12 mm × 12 mm ×
100 μm) where the piezoelectric actuator was installed.
The compressor created the largest mass-flow rate of R123
of 0.98 g h−1 and a maximum pressure ratio of 1.19 with
no flow. Yoon et al. [135] later reported a two-stage
compressor with the largest mass-flow rate of R123 of
0.93 g h−1 and a maximum pressure ratio of 1.31 with
no flow. Moreover, electrostatic micropumps were fabri-
cated by using wafer-level fabrication techniques, which
offered an opportunity that microcompressors could also be
realized using similar techniques [112]. Besharatian [132]
developed an electrostatically actuated 24-stage peristaltic
microscale pump, which used tiny micromachined hexag-
onal membranes in a series configuration [see Fig. 22(a)].
The pump produced a flow rate of 0.36 ml min−1 and
reduced the pressure in a sample chamber from 101.3
kPa to about 97 kPa. The theoretical limit on the per-
formance of such a pump is to reduce the pressure to
around 1.5 kPa. The electrostatically actuated microscale
pump developed by Zhou [133] achieved 22 kPa from
the atmospheric pressure of 101.3 kPa [see Fig. 22(b)].
However, the two micro-vacuum-pumps did not reach
their design vacuum because of a check-valve leakage,
which would be an even greater challenge in the devel-
opment of a microcompressor dealing with a much higher
pressure.

B. Developments on regenerative microcoolers

Unlike recuperative cycles operating with a high-
pressure ratio, regenerative cryocoolers need a mod-
est pressure ratio, which makes regenerative cryocoolers
intriguing for miniaturization.

(a) (b)

FIG. 22. Lithography-based compressors. (a) A 24-stage roughing pump (adapted from Ref. [132]). (b) A two-stage roughing pump
with curved surfaces (adapted from Ref. [133]).
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1. Miniaturization of a Stirling cryocooler

Guo et al. [136] proposed a conceptual MEMS-based
Stirling cryocooler composed of arrays of silicon-cooling
elements. Thermodynamic analysis results showed that the
dead volume should be minimized, the swept volume ratio
for the two chambers should be unity, and the phase lag
of the volume variations between the cold side and the
hot side should be 90◦, in order to improve the cooling
power. However, the design to date still remains a concept,
due to the conduction loss through the regenerator. Maron
[137] designed, optimized, and fabricated a microregen-
erative heat exchanger for use in a micro-Stirling device.
In the design, the axial conduction was minimized by
introducing many layers with low conductivity material at
each interface, and with greatly reduced interfacial con-
tact area; the pressure drop was low because of the high
porosity; the heat transfer between the regenerator and the
fluid was improved by using high conductivity material
in each layer. Chen et al. [138] summarized the devel-
opment of microminiature Stirling cryocoolers for high
operating temperature (HOT) applications with a required
temperature range of 80–200 K. They summarized that for
HOT applications a rotary Stirling cryocooler is attractive
because of rapid cool down and low SWaP (size, weigh,
and power), whereas linear Stirling cryocoolers are more
advantageous in terms of lifetime and reliability, especially
at temperatures higher than 150 K. Several miniature Stir-
ling cryocoolers have been built and commercialized in
Thales [139–142] and Ricor [143–145] (see Fig. 23).

2. Miniaturization of the pulse-tube cryocooler

Xu et al. [150] constructed a miniature coaxial pulse-
tube refrigerator using a nylon tube with an inner diameter
of 5 mm and a length of 50 mm. The effective volume
of the pulse-tube was about 0.4 cm3, while the valveless
compressor had a swept volume of 13.6 cm3. The refrig-
erator achieved a low temperature of 159.4 K when it was
operated at a frequency of 11 Hz with a filling pressure

of 1.19 MPa. Nikka et al. [151] made a micro-double-
inlet orifice pulse-tube refrigerator from glass and silicon
using lithography-based technologies. A net cooling power
of about 50 mW was obtained at ambient temperature
when the frequency and the inflating pressure were 50 Hz
and 1.2 MPa, respectively. The modest performance was
mainly caused by the large heat losses due to conduction.
Yaron et al. [152,153] designed an etched-foil regenerator
for pulse-tube cryocoolers, which was fabricated from a
single piece of foil. Slits were etched into the foil in pre-
cise patterns, producing well-defined flow channels. These
slits interrupted the flow that was perpendicular to the
slits, enhancing the heat transfer between the flow and
the foil. These slits also interrupted the conduction path,
reducing the conduction loss. Vanapalli et al. [146,154]
reported on a pulse-tube cryocooler operating at 120 Hz
with 3.5-MPa average pressure, which achieved a no-load
temperature of about 50 K. The cryocooler cooled down
to 80 K within 5.5 min and had a cooling power of 3.35
W at 80 K [see Fig. 24(a)]. Garaway et al. [155,156] fur-
ther developed a miniature 150-Hz pulse-tube cryocooler.
The cryocooler with 5.0-MPa filling pressure achieved the
lowest temperature of 97 K and a cooling power of 530
mW at 120 K. Chan et al. [147,157] realized a compact
pulse-tube cryocooler and the cryocooler provided 1.0-W
cooling at 55 K and 2.5 W at 80 K with an input power
of 51 W [see Fig. 24(b)]. Petach et al. [148] designed
a coaxial pulse-tube microcooler operating at frequencies
of 100–124 Hz and the microcooler had a cooling power
of 1.3 W at 77 K with an input power of 50 W [see
Fig. 24(c)]. Sobol and Grossman developed two miniature
113-Hz pulse-tube cryocoolers integrated with a resonant
piezoelectric compressor and an inertance tube or a passive
warm expander. With a filling pressure of 4.0 MPa and
a pressure ratio of 1.3, the two cryocoolers cooled down
from 295 to 108.7 K in about 2 min and provided cooling
power of 400 mW at 110 K [158,159]. Aiming at extend-
ing the life time of cryocoolers for space applications,
Lockheed [149,160–167] built three types of pulse-tube
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FIG. 23. Representative miniature Stirling cryocoolers. (a) Thales RM1 rotary Stirling cryocooler (100 mW @ 110 K, 2.9 W input
power, 250 g, MTTF (mean time to failure): 10 000–12 000 h); (b) Ricor K580 rotary Stirling cryocooler (220 mW @ 150 K, < 2 W
input power, 185 g, MTTF: 10 000–12 000 h); (c) Ricor K558 linear Stirling cryocooler (220 mW @ 150 K, < 2 W input power, 235
g, MTTF > 20 000 h).
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(a) (b) (c)
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FIG. 24. Representative miniature pulse-tube cryocoolers. (a) NIST pulse-tube cold stage (3.35 W @ 80 K, 295 W input power),
reproduced from [146], with the permission of AIP Publishing; (b) Northrop Grumman cryocooler (1.0 W @ 55 K, 51 W input power,
3.2 kg), reproduced from [147]; (c) TRW cryocooler (1.3 W @ 77 K, 50 W in put power, 857 g), reproduced from [148]; (d) Lockheed
standard cryocooler (825 mW @ 150 K, 10 W in put power, 350 g); (e) Lockheed high-power cryocooler (2W@ 105 K, 55W in put
power, 475 g); (f) Lockheed fast-cooldown cryocooler (0.3W @ 125 K, 8 W in put power, 320 g), (d)–(e) reproduced from [149]
© Lockheed Martin Corporation, all rights reserved.

microcooler that were named standard microcryocooler,
high-power microcryocooler, and fast-cooldown microcry-
ocooler [see Figs. 24(d), 24(f) and 24(e)]. The standard
microcryocooler with a mass of 350 g and a compressor
length of 90 mm produced a cooling power of 0.825 W
at 150 K when it was operated with a frequency of 94
Hz, a heat-rejection temperature of 300 K and a compres-
sor electrical power of 10 W. This microcryocooler was
qualified to TRL 6 in 2013 with launch vibration and ther-
mal cycle testing. The high-power microcryocooler with
a mass of 475 g had a cooling power of 2 W at 105 K
with an input power of 55 W. This microcryocooler was
qualified to TRL 6 in 2015. The fast-cooldown microcry-
ocooler with a mass of 320 g was capable of cooling a
4.1-g copper mass to 125 K in 2.5 min with 40-W electri-
cal power. This microcryocooler currently at TRL 5 was
designed for 0.3-W cooling power at 125 K with an input
power of 8 W.

Overall, miniature Stirling and pulse-tube cryocoolers
have been realized by using nonlithographic micromachining
technologies rather than lithographic micromachining
technologies. In general, these miniature cryocoolers with
a mass of a few hundreds of grams and a length of about 6
to 9 cm have cold-end temperatures higher than typically
100 K and a cooling power of a few hundred milliwatts.
Compared with Stirling cryocoolers, pulse-tube cryocool-
ers have longer lifetime and less vibrations at the price of
a lower coefficient of performance.

VI. SUMMARY AND OUTLOOK

This review discusses the opportunities and chal-
lenges that appear in the miniaturization of cryocoolers.
Solid-based cooling cycles face challenges in the lim-
its of material properties such as thermoelectric figure of
merit, adiabatic magnetocaloric temperature change and
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adiabatic electrocaloric temperature change, and operat-
ing conditions such as required magnetic fields and laser
sources. In terms of fluid-based cooling cycles, significant
progress has been made in the miniaturization of the cold
stages of JT cryocoolers operating at 30–150 K. Unlike
recuperative cryocoolers (especially JT cryocoolers) oper-
ating with a high-pressure ratio, regenerative cryocool-
ers need a modest pressure ratio, which seems to make
regenerative cryocoolers more suitable for miniaturization.
Miniature Stirling and pulse-tube cryocoolers operating at
100–150 K have been commercialized.

The challenges faced in the miniaturization of recupera-
tive cryocoolers are as follows:

1. Brayton and Claude cold stages
Compared to JT cryocoolers, Brayton and Claude-

cycle cryocoolers are more efficient because the use of
a working-producing expander is isentropic whereas the
expansion through a JT restriction is isenthalpic (and
highly dissipative). However, in Brayton and Claude cry-
ocoolers, there are moving parts in the expanders, and it
is still a challenge to realize small expanders and integrate
these with a heat exchanger and an evaporator, forming a
miniature Brayton or Claude cryocooler.

2. Miniature compressors
At present, JT cold stages are mainly driven by

high-pressure gas cylinders rather than by compressors.
To make JT cooling systems practical for widespread
use, miniature compressors need to be further developed.
Unfortunately, the large pressure differences, which are
required for JT cold stages, are probably difficult to gener-
ate with a miniature mechanical compressor. A miniature
sorption compressor appears to be an attractive alternative
because of the absence of mechanically moving parts.

3. Clogging phenomenon
The long-term performance of JT cold stages is lim-

ited by the clogging phenomenon caused by the deposition
of water molecules present as impurity in the working
fluid. Although measures to slow down the clogging rate
have been proposed, how to completely eliminate this
effect remains to be further investigated.

4. Gas-mixture problems
Compared to pure gas, mixed gases provide equiv-

alent cooling power with significantly lower pressure ratio
and mass-flow rate. The instability and composition shift
associated with gas mixtures in microscale geometries
need to be further investigated.

The challenges faced in the miniaturization of regenerative
cryocoolers are as follows:

1. Regenerative cryocoolers with cold-end tempera-
tures lower than 100 K

Commercial miniature regenerative cryocoolers can
only provide a cooling temperature of 100–150 K suit-
able for cooling so-called hot detectors (high operation
temperature, typically 150 K). Miniature regenerative
cryocoolers with lower cold-end temperatures are worthy
to be explored in order to broaden their application fields.

2. Batch-fabrication process
Commercial miniature regenerative cryocoolers are

scaled-down versions of traditional regenerative cryocool-
ers, which are difficult to manufacture in batch-fabrication
processes. It seems attractive to design regenerative cry-
ocoolers in such a way that these can be batch fabricated.

3. Efficient regenerative cryocoolers
According to the analysis of the scaling effect,

more efficient regenerative cryocoolers can be realized
by increasing the frequency and/or the charging pres-
sure. Meanwhile, the losses due to flow resistance in the
regenerator increases as well. The realization of efficient
regenerative cryocoolers is still facing challenges in the
optimization of operating parameters such as cold-end
temperature, frequency and charging pressure, and regen-
erator parameters such as material, shape, and geometry.
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