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The  devices presented hereafter have been fabricated by our 
CERN PH-DT group members in the university cleanroom of 

EPFL, Lausanne, Switzerland.
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Miniaturization science is the science of making 
very small things.

It requires a profound understanding of the 
intended application, different manufacturing 
options, materials properties, and scaling laws.

Fundamentals of Microfabrication and Nanotechnology, Marc Madou, 2012

microfabrication
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microfabrication milestones

MEMS
H. Nathanson
1967

1958
Integrated Circuit
Texas Instrument

Transistor
Bell
1947

 

1977
Inkjet nozzle

IBM-HP

1988
Electrostatic Motor

UC-Berkeley

1999
DNA microarray

ex. Affymetrix

2004
Dual-axis accelerometer

IBM

LIGA
W. Ehrfeld
1982

Digital Mirrors Display
Texas Instruments
1996

Optical Switch
Lucent
2002
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4 Introduction to Microfabrication
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Nanotechnology

Micromachines

Figure 1.1 Microtechnology subfields

1.2 SUBSTRATES

Silicon is the workhorse of microfabrication. Integrated
circuits (IC) utilize the electrical properties of sili-
con, but many microfabrication disciplines use silicon
for convenience: silicon is available in a wide vari-
ety of sizes, shapes and resistivities; it is smooth, flat,
mechanically strong and fairly cheap. What is more,
silicon wafers are by default compatible with micro-
fabrication equipment because most of the machinery
for microfabrication was originally developed for sili-
con ICs.

Bulk silicon wafers are single-crystal pieces cut and
polished from larger single-crystal ingots. Silicon is
extremely strong, on par with steel, and it also retains
its elasticity at much higher temperatures than metals.
However, single-crystalline silicon (SCS) wafers are
fragile: once fracture starts, it immediately develops
across the wafer because covalent bonds do not allow
dislocation movements.

Resistivities of silicon-wafer range from 0.001 to
20 000 ohm-cm. High-resistivity silicon can sometimes
be used instead of dielectric wafers, but this depends
on application. Silicon-on-insulator wafers offer the
best of both worlds: an insulator layer (usually SiO2)
between two silicon pieces provides dielectric isolation.
The oxide in between can act as a stop layer so that
the two silicon parts can be processed independently.
Thin layers can be cut from silicon-wafer surface, and
transferred to another substrate, which may be altogether
a different material.

Silicon wafers are available in 3!!, 100, 125, 150, 200
and 300 mm diameters. In addition to size, resistivity
and dopant type, wafer specifications include thickness

and its variation, crystal orientation, particle counts and
many others.

Wafers can be single crystalline, polycrystalline or
amorphous. Silicon, quartz (SiO2) gallium arsenide
(GaAs), silicon carbide (SiC), gallium arsenide (GaAS),
lithium niobate (LiNbO3) and sapphire (Al2O3) are
examples of single-crystalline substrates. Polycrystalline
silicon is widely used in solar cell production, and thin-
film transistors have been made on steel. Amorphous
substrates are also common: glass (which is SiO2

mixed with metal oxides like Na2O); fused silica (SiO2,
chemically it is identical to quartz) and alumina (Al2O3),
which is a common substrate for microwave circuits.
Even plastic sheets have been used as substrates. Exotic
substrates must be evaluated for available sizes, purities,
smoothness, thermal stability, mechanical strength, and
so on. Round substrates are easy to accommodate but
square and rectangular ones need special processing
because tools for microfabrication are geared for round
silicon wafers.

1.3 MATERIALS

Just like substrate wafers, the grown and deposited thin
films can be

• single crystalline,
• polycrystalline,
• amorphous.

During wafer processing, single-crystalline films usually
stay single crystalline, but they can be amorphized
by, for example, ion bombardment; polycrystalline

microfabrication applications
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 Bulk micromachining

Surface micromachining

Substrates

mechanical structures are etched in the substrate

layers of material are deposited on the 
substrate, patterned and selectively removed

round wafers 3”, 4”, 6”, 8”, 12”...
Silicon, SOI, glass, GaAs, SiC, Ge, polymers...

Flexible substrate

ATLAS FE-I4 : produced ~100 4” wafers in 2011-2012
pixel size: 250x50um2  total dimension: 20 2x19 0mm2  total pixel number: 26880pixel size: 250x50um2, total dimension: 20.2x19.0mm2, total pixel number: 26880
50um

250um

m

ATLAS FE-I4
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M. Madou, 2011
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Figure 19  General process flow planar processing Figure 20  Schematic process 
flow LIGA 

3.1 Substrates 

Silicon is still by far the most commonly used substrate in microelectronics and microtechnology, particularly by the 
semiconductor industry. Silicon wafer area shipments total more than 5 billion square inches per year. The silicon commonly 
used for substrates has a purity befitting the demand and is doped to provide the required electronic properties. The success 
of silicon is based first on its excellent electronic characteristics, and also on its chemical and mechanical properties.  

Likewise for MEMS the most popular substrate is silicon for several reasons:  
� Silicon is abundant, inexpensive, and can be processed to unparalleled purity.  
� Silicon’s ability to be deposited in thin films is very amenable to MEMS. 
� High definition and reproduction of silicon device shapes using photolithography are perfectly suited to achieve high levels 

of precision and repeatability.  
� It allows fabrication with high quality and high volumes in efficient semiconductor facilities.  

Silicon forms the same type of crystal structure as diamond (see Figure 21), and although the interatomic bonds are much 
weaker, it is harder than most metals. In addition, it is surprisingly resistant to mechanical stress, having a higher elastic limit 
than steel in both tension and compression. Single crystal silicon also remains strong under repeated cycles of tension and 
compression. The crystalline orientation of silicon is important in the fabrication of MEMS devices because some of the 
etchants used attack the crystal at different rates in different directions (see also Figure 26) 

MST/MEMS designers are increasingly using SOI (Silicon on Insulator) wafers. Such wafers consist of two layers of silicon 
separated by a thin silicon oxide layer. To create free-hanging silicon structures the top layer is used as a mechanical device 
part and the silicon insulating layer as the underlying sacrificial layer (see also Figure 25). 

Although silicon is by far the most used substrate material for MST/MEMS production, in a number of areas, especially 
microfluidics and optics, glass is a good an often even better alternative. The choice in favour of glass for such applications 
can be based on the following considerations: 

 
 

18 

http://www.electronicproductsktn.org.uk, 2007

microfabrication process-flow

8

http://www.electronicproductsktn.org.uk
http://www.electronicproductsktn.org.uk
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The most advanced raw materials, the same adop-
ted in aerospace industry, are widely used: Ultra
High Modulus carbon fibres with low moisture
adsorption cyanate ester resin matrix to minimise
swelling due to change in moisture content.

A typical weight of a well designed global
support structure ranges from 10% to 15% of
the total weight of the detector.

6. Thermal management

The problem to be solved, common to all
detectors, is shown schematically in Fig. 4.

The heat is produced quasi-uniformly over the
relatively wide module area and has to be
e!ciently transferred to the coolant flowing inside
a small cooling pipe, which must minimise the
material.

The thermal design of the local support has to
achieve:

* a good temperature uniformity over the module
* a good heat transfer e!ciency to minimise the

module-to-coolant temperature di"erence.

To accomplish the temperature uniformity goal
the local support structure material has to have a
good in plane as well as transverse thermal
conductivity.

High X0 metallic materials, typically beryllium
or aluminium, are in principle good options for the
module thermal management.

However the metallic materials make the ther-
mal stability issue more critical due to their
relatively high CTE, limiting the application range
to small structural parts.

Moreover the Al is usually not adopted as stand
alone structural material due to its poor mechan-
ical properties.

Attractive alternatives to metals are the carbon-
based materials. Standard CFRP are di!cult to be
adopted in an e!cient thermal design due to their
poor transverse thermal conductivity.

Carbon–Carbon materials are in principle the
best option combining good thermal properties
even in transverse direction to fibres (thermal
conductivity 1 or 2 order of magnitude better then
standard CFRP) with excellent mechanical proper-
ties, stability and transparency to particles. The
C–C materials have essentially two technological
drawbacks limiting the application range: porosity
and di!culty to achieve complex and accurate
geometry due to the high temperature manufactur-
ing process.

The selection of the material for the cooling
channel and of the coupling method to the module
support is a critical issue for the local support
thermal e!ciency and stability.

There are three possible options:

1. pipe material with the same CTE of the
support: hard and reliable thermal joint is
possible

2. pipe material with di"erent CTE: elastic joint is
necessary, but reliability becomes an issue

3. cooling fluid in direct contact with the module
support (integrated cooling channel)

Solution 1 is the safest design but possible just in
very limited cases.

Solution 2 is the most widely adopted, because it
leaves the maximum freedom in the design choices.

Solution 3 minimises the material, but is di!cult
to be implemented.

Additional stability constraints as well as
specific design solutions will be discussed in the
following sections.

7. Cooling options

The minimisation of the material of the cooling
circuit (pipes, connections) and the need of a good
heat transfer e!ciency to meet the temperature
requirements on the module, restricts the choice toFig. 4. Module thermal management fundamentals.

M. Olcese / Nuclear Instruments and Methods in Physics Research A 465 (2001) 51–5954

Mechanics and cooling of pixel detectors

µ-channel cooling
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LHC large Si trackers (ATLAS and CMS) 
2% X0 per layer

SLHC “phase II” upgrade: 
“significant” reduction needed

Future trackers at ILC 
0.1÷0.2% X0 per layer

Material budget of the CMS Si-strip tracker (10 layers)Material budget of the CMS Si-Pixel tracker (2 layers)

Minimization of material budget:
Micro-channel cooling naturally addresses this issue through the use 
of thin Si cooling plate

For a given material budget, increase the cooling power:
High heat transfer coefficients in laminar flows (prop. to 1/Dh with 
very small Dh)
High heat flux with large exchange surface

Reduce ∆T between heat source and heat sink:
Micro-channels embedded in Si plate -> large exchange surface
Thinned Si plates -> ∆T minimized
Local cooling only where heat transfer required

X0 = X0/ρ [cm]
Cu: 1.4

Steel: 1.7
Ti: 3.6

Al alloy: 8.9
Si: 9.4

C6F14 @ -20 C : 19.3
CO2(liquid) @ -20 C: 35.8

no CTE mismatch
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Metal Pipe Carbon 
Foam

%X0 + C4F10 = 0.12%

%X0 = 0.1%

x (mm)
%

X
0

cooling of future detectors
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%X0 + C4F10 = 0.28%

%X0 = 0.2%

x (mm)

%
X

0

Si detector

read-out 
chips

adhesive

bump bonds

ΔT between heat 

source and heat 

sink for power 

dissipations of 

~1W/cm210ºC 5ºC
no CTE difference

Carbon Foam
+ Metal Pipe

carbon foam

pipe

Silicon
Microchannels

drawings not to scale
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experiment material temperature coolant phase pressure coolant fluid

ALICE 0 20ºC evaporative 2 bars C4F10

ATLAS TBD TBD TBD TBD TBD

LHCb 500 µm -30ºC evaporative 60 bars CO2

NA62 150 µm -10ºC liquid 10 bars C6F14

microcool projects
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NA62 GigaTracKer silicon pixel detector cooling
Cooling requirements

minimize material below detector
detector area: 60 x 27 mm
T on Si detector: -20ºC ÷ 5ºC 
∆T over detector: 6ºC
Heat dissipation by read-out 
chips:

4 W/cm2 in the periphery (Digital)
0.5 W/cm2 in the center (Analog)
total 48 W

Cooling solution adopted by the 
NA62 collaboration

thin silicon plate (130 µm)
C6F14 liquid

outlet
diam. 1.6 mm

µchannels
70 µm

manifold
280 µm

A-B
Top.View

detector

Top.View27 mm
40 mm

60
 m

m

PCB

Si cooling plate

C
r
o
s
s
.
S
e
c
t
i
o
n

detector

inlet outlet

A B

Read-out chips
Thermal interface

PCB
Si cooling plate

4 W/cm2 0.5 W/cm2
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locally  thinned to 130 µm
in detector acceptance

2012
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www.mems-exchange.org

2011 JINST 6 C01035

(a)

(b)

Figure 2. Edge topology. Top view photographs (left) and cross-sectional layouts (right) of a blade diced
TOTEM strip sensor with conventional edge topology (a) and an edgeless one (b). Note the difference in
both distance to edge and edge smoothness. The strip pitch is 50 µm.

The cross-sectional layouts of a conventional and an edgeless structure are shown in figure 2.
The difference in edge topology is mainly characterised by the distance to the edge and the width of
the stop ring. Whereas conventionally processed sensors typically have an insensitive periphery of
several hundreds of microns, the edge distances of the edgeless structures are between 10 and 300
µm. Stop ring widths vary from 5 to 30 µm. The two top-view photographs show a conventionally
processed, blade diced device and an edgeless sensor. Note the chipping at the conventional edge
due to the blade dicing and the factor of ten difference in edge distance between the two. Our
process shows significant improvement; clearly, less chipping occurs.

3 Characterisation

Electrical characterisations have been done, with two main objectives:

i. To study the influence of the edgeless process on the leakage current in the active area. The
edgeless sensors were compared to conventional devices.

ii. To determine cut-off values for the stop ring width and the edge distance from their inverse
correlation with the leakage-current density in the active area.

– 3 –

TOTEM edgeless detectors

http://www.omegawatches.com

http://cmi.epfl.ch

ATLAS FE-I4 : produced ~100 4” wafers in 2011-2012
pixel size: 250x50um2  total dimension: 20 2x19 0mm2  total pixel number: 26880pixel size: 250x50um2, total dimension: 20.2x19.0mm2, total pixel number: 26880

50um

250um

m

FE-I4

3D 3D Silicon detectors:  detectors:  

3D silicon detectors were proposed in 1995 3D silicon detectors were proposed in 1995 
by S. Parker, and active edges in 1997 by C. 
Kenney.

1 NIMA 395 (1997) 328 Combine traditional VLSI processing and
MEMS (Micro Electro Mechanical Systems)
technology.

1. NIMA 395 (1997) 328 

2. IEEE Trans Nucl Sci 46 (1999) 1224

Electrodes are processed inside the detector
bulk instead of being implanted on the 
Wafer's surface.

. EEE Nu ( 999)
3. IEEE Trans Nucl Sci 48 (2001) 189
4. IEEE Trans Nucl Sci 48 (2001) 1629 
5. IEEE Trans Nucl Sci 48 (2001) 2405 
6. Proc. SPIE 4784 (2002)365
7. CERN Courier, Vol 43, Jan 2003, pp 23-26
8 NIM A 509 (2003) 86 91

The edge is an electrode! Dead volume at the 
Edge < 5 microns! Essential for 

8. NIM A 509 (2003) 86-91
9. NIMA 524 (2004) 236-244
10. NIM A 549 (2005) 122
11. NIM A 560 (2006) 127
12. NIM A 565 (2006) 272
13. IEEE TNS 53 (2006) 1676

Cinzia da Via’

ATLAS FE-I4 : produced ~100 4” wafers in 2011-2012
pixel size: 250x50um2  total dimension: 20 2x19 0mm2  total pixel number: 26880pixel size: 250x50um2, total dimension: 20.2x19.0mm2, total pixel number: 26880

50um

250um

m

FE-I4

http://www.mems-exchange.org
http://www.mems-exchange.org
http://www.omegawatches.com
http://www.omegawatches.com
http://www.omegawatches.com
http://www.omegawatches.com
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Silicon microchannel cooling plate Silicon thermo-mechanical mock-ups

100 µm thick mock-up fabricated with CSEM

CERN PH-DT is working with major european actors for the fabrication of silicon 
cooling plates (CEA-LETI, IceMOS...) and is actively collaborating with CSEM on the 
development of a 6” platform integrating cooling, thermo-mechanical simulationsof 
detector and read-out with Through-Silicon Vias (TSV).
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tracker mechanical mock-up
(silicon + metal)
200 µm thick

r/o electronics thermo-mechanical mock-up
(silicon + metal)
100 µm thick

C6F14: 7g/s, -19°C at inlet Digital Power 38WAnalog  Power 10W

inlet

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

0.5 W/cm2

4 W/cm2

4 W/cm2

cooling plate
(silicon)

130 µm thick)

outlet
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NA62-GTK alternative cooling proposal

baseline (thin plate)
thin electronics (100 µm)

thin cooling (130 µm)

alternative (frame)
thicker electronics (200 µm)

no silicon in acceptance (0 µm)

detector

Read-out chips
Thermal interface

PCB

17
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Inlet

distribution 
manifold

µ-channels 
restrictions

heat sources
0.5 W/cm2

ALICE silicon cooling frame

Outlet

Inlet

cooling µ-channels 
only where they are 
needed

no material under 
detector

18

fluid in

fluid out

2.5 mm

evaporative C4F10
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INLET&

OUTLET&

The cooling has to be performed on about 300 mm but the length of the cooling frames is 
limited by the diameter of the Si wafers.

The proof of principle is performed by daisy-chaining several frames.

A new fabrication process is being developed to connect the frames in-plane with needles. 

Si wafers, 100 mm diameter.
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ABSTRACT: 

 
Micro-channel cooling is gaining considerable attention 

as an alternative technique for cooling of high energy 
physics detectors. This is of particular interest for future 
trackers, where large surfaces are involved and the amount 
of material must be drastically reduced. Combining the 
flexibility of standard micro-fabrication processes with the 
high thermal efficiency typical of micro-fluidics, it is 
possible to produce effective thermal management devices 
well adapted to different specific applications. The first 
case presented is the NA62 GTK silicon pixel detector, 
where low temperature liquid fluid will be circulated in a 
micro-fabricated silicon plate locally thinned to 130 Pm in 
the detector sensitive area. Other applications are presently 
being developed for evaporative cooling in the context of 
the ALICE and LHCb detector upgrades at LHC. In the 
former case the devices are being optimized for low 
pressure/room temperature evaporation; in the latter for 
high pressure and temperature below 0°C. 
 
KEYWORDS: electronic cooling, micro-channels, thermal 
management. 
 

1 MICRO-CHANNEL COOLING IN HEP 
 

Local thermal management through micro-fluidic 
devices is already under study for possible implementation 
in future 3D architectures for high power computing. In this 
context, highly effective micro-fabricated cooling devices, 
capable of dealing with power densities up to 700 W/cm2 
have been recently proposed. Examples span from 2 mm 
thick silicon assemblies designed for single phase water 
cooling [1] to few-mm thick copper plates optimized for 
two-phase refrigerants [2]. 

When designing the on-board cooling for High Energy 
Physics (HEP) tracking detectors, the power densities 
involved are two order of magnitude lower than in high 
power computing (typically in the range 0.5÷4 W/cm2). 
However, large surfaces of silicon detectors are used and, 
depending on the detector size, a total heating power up to 
few tens of few kW must be removed. For this kind of 
application several important issues must be addressed, 
including the minimization of: 
x The amount of material crossed by particles; 

x The temperature difference between heat source and 
heat sink for a given quantity of heat to be removed; 

x The temperature gradients on the surface of the sensor. 
Furthermore, the detector layout is often very packed and 
geometrically complex, thus only limited space is available 
for piping and connections. In many cases, in order to 
preserve the silicon sensor from severe degradation caused 
by the high level of radiation, it is also necessary to operate 
and maintain the detectors at negatives temperatures 
(typically in the range -10÷-20°C) [3]: this increases the 
impact of CTE mismatch problems between the silicon heat 
source and a metal heat sink. The thermal management of 
today’s trackers is based on complex networks of mm-size 
metallic pipes (Fig. 1). The pipes are locally brought in 
connection with the region where the highest concentrated 
heat sources are located through heat spreaders, specifically 
designed to be compliant with mutual displacements due to 
CTE mismatch. Due to the small contact surfaces and the 
long chains of thermal resistances typical of these 
configurations, the temperature difference between the 
module surface and the coolant ranges typically between 15 
and 20°C (see e.g. [4]). 
 

 
 
Figure 1: Typical cooling pipe network in today’s trackers 

 
Local thermal management through silicon micro-

fluidic devices, in connection with either single-phase or 
two-phase flow, is a good candidate for solving all the 
above mentioned issues [5], [6]. The concept, schematically 
depicted in Fig. 2 for the case of a Pixel tracking detector, is 
extremely simple: a thin micro-structured silicon plate with 
the same shape and size of the detector module to be cooled 
is placed in contact with the heat source by an adhesive 
layer. As the contact surface between the heat source and 
the heat sink is maximized and the power density is not 
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A. Mapelli, L. Musa, P. Petagna, P. Riedler

Si 50 µm

Option 1
cooling pipes

Microchannels integration in 
silicon detectors (option 3) has to 
be investigated together with the 
design and development of the 
detectors.  

Pixel Assembly 

May 30, 2012 P. Riedler, Meeting at Daresbury 

10 

Light weight, compact module design, reducing insensitive areas at the edges 
minimizing overlap regions. 

Hybrid pixels Monolithic pixels 

50 µm 
50 µm 

100 µm 

50 µm

Option 2
Si cooling plate

Si 50 µm

monolithic pixel
detector

Si >50 µm
total

Option 3
embedded cooling channelsthinning top

glueing

thinningepi + CMOSdirect bonding

SOI with
embedded 

channel

etching

epi + CMOS
thinning back bump bonding

oxidation

Si wafers
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bonding of a 
wafer with 
microchannels 
instead of bulk 
silicon
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Support�wafer

3D

50Ͳ100�Pm
3D

�thickness Conclusions

150Ͳ200�Pm
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Conclusions

We�are�exploring�ways�to�build�a�low�mass�3D�
t f th HL LHC b l ki t

inning
~50�Pm
cap

system�for�the�HLͲLHC�by�looking�at:

Thin�modules�with�reduced�IES+embedded

cooling�and�through�chip�bias�supply

Support�wafer

m g g p pp y

¾ Preliminary�simulations�on�charge�
multiplication�by�design�(before�irradiation)�
h th t i f 2 t 8 d di3D show�that�gain�goes�from�2�to�8�depending�
on��configuration�at�~120V�with�good�signal�
response�uniformity.�Slight��decrease�of�
pulse�height�after�irradiation�because�of�p g

trapping�but�not�too�disturbing�in�terms�of�
homogeneity

3D 250Ͳ4
A
fter�

w
afe r

Industrial�developments�and�work�of�other�
groups�with�similar�needs�are�very�promising

00�Pm
support�
r�rem

oval

Still�a�lot�of�R&D�to�understand�the�feasibility�of�
some�of�the�steps

micro-cooling studies for future inner layers of ATLAS Pixels
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Micro-cooling at FBKg

Current�development�in�FBK�in�collaboration
h ll f dWith�PISA�colleagues�for�SUPERB�detectors,�

also�ALICE�is�considering�for�its�pixel�upgrade

Collaboration has been proposedCollaboration�has�been�proposed�

the	  heat	  dissipated	  by	  the	  electronics	  chip	  is	  1.1W/chip	  and	  0.24W/3D	  sensor,	  i.e.,	  overall	  heat	  dissipa<on	  would	  be	  
~1.35W/hybrid.	  These	  values	  are	  valid	  for	  IBL.	  ATLAS	  upgrade	  will	  result	  in	  much	  higher	  fluences	  and,	  hence,	  in	  higher	  
sensor	  current	  consump<on	  and,	  consequently,	  much	  higher	  heat	  dissipa<on.	  Thus,	  we	  will	  also	  try	  to	  make	  tests	  with	  
heat	  dissipa<on	  higher	  than	  1.35W/hybrid.

ATLAS FE-I4 : produced ~100 4” wafers in 2011-2012
pixel size: 250x50um2  total dimension: 20 2x19 0mm2  total pixel number: 26880pixel size: 250x50um2, total dimension: 20.2x19.0mm2, total pixel number: 26880

50um

250um

m

ATLAS FE-I4

First batch of silicon microcoolers finished.
To be tested in the coming days.
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LHCb VeLo upgrade..CO2 in microchannels
Cooling requirements
Diss. power:∼2 W/cm2

Cooling substrate
in acceptance: <500 µm
out of acceptance: 

1mm

24

Bot Sensor 200um 
ASIC150um 

CVD Diamond Cooling Substrate 
250um 

Cooling 
channel 

Glue 50um 

Top Sensor 200um 
ASIC150um 

Connector 

passive Diamond substrate

Bot Sensor 200um 
ASIC150um 

Glue 50um 
Connector 

Top Sensor 200um 
ASIC150um 

Silicon microchannels

Snake-2 
• Tested to 32 bar 
• Earlier this week took data at  

– Various dP (up to 1.3 bar) 
– Different T (-20, -12, -5 deg C) 

Nori Nakatsuka 

2012
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Evaporative CO2 cooling using microchannels etched in silicon for 1 
the future LHCb vertex detector  2 
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 12 

Abstract 13 
The extreme radiation dose received by vertex detectors at the Large Hadron Collider dictates 14 
stringent requirements on their cooling systems. To be robust against radiation damage, 15 
sensors should be maintained below -20oC and at the same time, the considerable heat load 16 
generated in the readout chips and the sensors must be removed. Evaporative CO2 cooling 17 
using microchannels etched in a silicon plane in thermal contact with the readout chips is an 18 
attractive option. In this paper, we present the first results of microchannel prototypes with 19 
circulating, two-phase CO2 and compare them to simulations. We also discuss a practical 20 
design of upgraded VELO detector for the LHCb experiment employing this approach. 21 
 22 
Keywords: Silicon sensor; vertex detector; CO2 cooling; microchannel 23 

Introduction 24 

The LHCb vertex detector (VELO) has pioneered the use of evaporative CO2 cooling for high 25 
energy physics since its installation in 2007 [1].  The VELO has 88 silicon sensors, each with 26 
16 readout chips dissipating up to 1 kW in vacuum.  The innermost radius of the silicon 27 
sensors are positioned just 7 mm from the colliding beams and must be kept cool to limit the 28 
effect of significant radiation doses. For this reason the cooling system must be not only 29 
radiation resistant but low in mass as the cooling components of the modules are within the 30 
LHCb acceptance. Also, the unique environment, within the LHC vacuum, requires a 31 
perfectly leak tight system. 32 

In 2018 the VELO will be upgraded along with the rest of the LHCb experiment, to operate 33 
with increased luminosity, higher integrated radiation dose, and new readout ASICs with 34 
higher total heat dissipation [2]. The cooling system must be upgraded, and we present in this 35 
paper a solution which aims to combine recent advances in microchannel cooling technology 36 
with the experience already gained with CO2 evaporative cooling. 37 

Two phase microchannel cooling was first proposed with the idea of providing an efficient 38 
technique for dissipation of high heat fluxes from microprocessor chips [3]. A system of 39 
miniature channels, together with an inlet and outlet manifold, are etched directly into a 40 
silicon plate, and are sealed by bonding a second silicon wafer on top. This forms a low mass 41 
cooling plate with integrated cooling and high thermal efficiency. Large temperature gradients 42 
across the cooling plate are avoided, and a mismatch of the coefficient of thermal expansion 43 
between the heat source (silicon sensors and ASICs) and heat sink, is suppressed. This 44 
integrated approach is very attractive for high energy physics and is being pursued in a 45 
number of domains [4],[5]. This paper describes the LHCb approach, which is to integrate the 46 
microchannel cooling together with two-phase CO2 as the coolant, thus providing a 47 

First experimental results submitted to NIM

LHCb VeLo upgrade..CO2 in microchannels
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one chip. The charge collection proceeds in an epitaxial layer. Hybrid solutions 
factorize the sensor and readout R&D and take advantage of industry-standard 
processes for the readout layers. Drawbacks are the higher material budget, the 
additional material and cost for interconnects and the additional complication of 
handling the thinned structures. Integrated technologies can reach lower material 
budgets and very low power consumption. On the other hand, fast signal collection 
and readout has not been demonstrated yet in these technologies. A concern for a 
future application at CLIC is also the limited availability of the custom-made 
integrated CMOS processes; 

- Low-mass cooling solutions. A total power of approximately 500 W will be dissipated 
in the vertex detectors alone. The small material budget for the inner tracking 
detectors constrains severely the permitted amount of cooling infrastructure. For the 
vertex barrel layers, forced air-flow cooling is therefore foreseen. Fig. 6 shows a 
calculation of the temperature distribution inside the barrel layers of the CLIC_SiD 
vertex detector in dependence of the air-flow rate. A flow rate of up to 240 liter / s, 
corresponding to a flow-velocity of 40 km/h, is required to keep the temperatures at an 
acceptable level. Further R&D is required to demonstrate the feasibility of this air-
flow cooling scheme. Possible vibrations arising from the high flow velocities are of 
particular concern. Supplementary micro-channel cooling [6] or water-based under-
pressure cooling may be required in the forward vertex regions;    

- Power pulsing and power distribution. The ambitious power-consumption targets for 
all CLIC sub detectors (for example < 50 mW / cm2 in the vertex detectors) can only 
be achieved by means of pulsed powering, taking advantage of the low duty cycle of 
the CLIC machine. The main power consumers in the readout circuits will be kept in 
standby mode during most of the empty gap of 20 ms between consecutive bunch 
trains. Furthermore, efficient power distribution will be needed to limit the amount of 
material used for cables. Low drop-out regulators or DC/DC converters will be used in 
combination with local energy storage to limit the current and thereby the cabling 
material needed to bring power to the detectors. Both the power pulsing and the 
power-delivery concepts have to be designed and thoroughly tested for operation in a 
magnetic field of 4-5 T; 

- Solenoid coil. Design studies for high-field thin solenoids are ongoing, building up on 
the experience with the construction and operation of the LHC detector magnets. 
Principal concerns are the uniformity of the magnetic field, the ability to precisely 
measure the field map and the requirement to limit the stray field outside the detector;  

- Overall engineering design and integration studies. Various CLIC-specific 
engineering and integration studies are ongoing. The main areas of these studies are 
the design of the experimental caverns including centralized infrastructure for cooling 
and powering, access scenarios in the push-pull configuration and integration issues 
related to the machine-detector interface. 
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Detector challenges at the CLIC multi-TeV e+e- collider 
 

D. Dannheim1  
CERN, European Organisation for Nuclear Research, Geneva, Switzerland 

 

The beam parameters of the proposed CLIC concept for a linear electron-positron collider with a 
centre-of-mass energy of up to 3 TeV pose challenging demands for the design of the detector systems. This 
paper introduces the CLIC machine and the requirements for the detectors and gives an overview of the ongoing 
detector studies. 

1. Introduction 

The LHC experiments have the potential to discover new physics at the TeV scale. A 
lepton collider operating at these energies will then be required to complement the results of 
the LHC experiments and to measure the properties of new particles with high precision. The 
proposed Compact LInear Collider (CLIC) concept of a linear electron-positron collider with 
a center-of-mass energy of up to 3 TeV will be a suitable machine for such measurements [1]. 
The detector requirements for precision physics in combination with the challenging 
experimental conditions at CLIC have inspired a broad detector R&D program.  
 
2. The CLIC accelerator 

The CLIC project studies the feasibility of a linear electron-positron collider optimized for 
a center-of-mass energy of 3 TeV with an instantaneous luminosity of a few 1034cm-2s-1, using a 
novel technique called two-beam acceleration [2]. Fig. 1 shows the two-beam acceleration 
principle. A drive beam of rather low energy but high current is decelerated, and its energy is 
transferred to the low-current main beam, which gets accelerated with gradients of 100 MV/m. 
The two-beam acceleration scheme thus removes the need for individual RF power sources. It is 
expected that the machine will be built in several stages with centre-of-mass energies ranging 
from 500 GeV up to the maximum of 3 TeV, corresponding to an overall length of the accelerator 
complex between approximately 14 and 48 km.  

 
 

Fig. 1. CLIC two-beam acceleration scheme 

��������������������������������������������������������
ͳ Presented at NEC’2011, Varna, Bulgaria, on behalf of the CLIC Physics and Detectors Study 
[http://cern.ch/LCD] 
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Fig. 6. Calculated average temperatures of the five barrel layers of the CLIC_SiD vertex 

detector in dependence of the total air-flow rate 

 
Conclusion 

The detectors of the multi-TeV CLIC machine will have unsurpassed physics reach for 
discoveries and for precision measurements complementing the results expected from the 
LHC experiments. The proposed CLIC detector concepts will be able to measure the physics 
with good precision, despite the high energies and challenging background conditions. 
Detector R&D studies are ongoing worldwide, in collaboration with the ILC detector 
community, aiming to meet the required performance goals. 
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microfluifidic scintillation detectors
a single µ-fluidic channel

defines an array of scintillating 
waveguides

outletinlet

27

simple construction
standard µ-fabrication 
processes

low material budget
thin µ-fluidic devices

high spatial resolution
dense arrays of µ-channels

high radiation resistance
liquid scintillator can be 
circulated and renewed
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microfluidic scintillation detector

28

single photolithography step
200 µm thick micro-channels
50 µm wide channels separated by 10 µm walls

15 mm

20 m
m
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A. Mapelli et al., Sens. Act. A 162 (2010) 272-275

experimental results
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light yield = 1.6 pe
detection efficiency 80%
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XY.. bi-layer microfluidic device

30

Patent filed May, 8th 2012
PCT/EP2012001980

Under investigation for tracking, calorimetry for HEP and
online beam monitoring for hadrontherapy with KT funds.

CERN group
Andrea Catinaccio, Benedetto Gorini, Maurice 

Haguenauer, Zoe Lawson, Giovanna Lehmann 
Miotto, Pietro Maoddi, Alessandro Mapelli, Raul 
Murillo Garcia, Paolo Petagna, Wainer Vandelli

EPFL group
Sébastien Jiguet, Philippe Renaud, Noelia Vico 

Trivino
INFN group

Guglielmo Gemignani, Daniele Ruggieri, Francesco 
Safai-Tehrani, Riccardo Vari, Stefano Veneziano
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Free standing SU-8 microchannels (100 µm wide)

after bonding and release from sacrificial film

110 µm total thickness
(30 + 50 + 30)

31

500 µm

50 µm
30 µm

500 µm
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µHeII.. superfluid He in glass microchannels

study the heat transfer of superfluid He in microchannels 

improve the insulation of LHC magnets for upgrade plans.

32

LHC standard insulation

Enhanced insulation for LHC upgrade

P.P. Granieri, A. Mapelli et al., “Steady-state transfer through micro-channels in pressurized HeII”
Presented at CEC/ICMC 2011

(http://cdsweb.cern.ch/record/1416393/)

http://cdsweb.cern.ch/record/1416393/
http://cdsweb.cern.ch/record/1416393/
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Introduction to microfabrication, S. Franssila, 2004

new field of application

33

4 Introduction to Microfabrication

Electrons in semiconductors Microelectronics

Photons in semiconductors
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Quantum mechanics

Robotics/mechatronics

Optoelectronics

Micromechanics

Microfluidics

Micro-optics

Nanotechnology

Micromachines

Figure 1.1 Microtechnology subfields

1.2 SUBSTRATES

Silicon is the workhorse of microfabrication. Integrated
circuits (IC) utilize the electrical properties of sili-
con, but many microfabrication disciplines use silicon
for convenience: silicon is available in a wide vari-
ety of sizes, shapes and resistivities; it is smooth, flat,
mechanically strong and fairly cheap. What is more,
silicon wafers are by default compatible with micro-
fabrication equipment because most of the machinery
for microfabrication was originally developed for sili-
con ICs.

Bulk silicon wafers are single-crystal pieces cut and
polished from larger single-crystal ingots. Silicon is
extremely strong, on par with steel, and it also retains
its elasticity at much higher temperatures than metals.
However, single-crystalline silicon (SCS) wafers are
fragile: once fracture starts, it immediately develops
across the wafer because covalent bonds do not allow
dislocation movements.

Resistivities of silicon-wafer range from 0.001 to
20 000 ohm-cm. High-resistivity silicon can sometimes
be used instead of dielectric wafers, but this depends
on application. Silicon-on-insulator wafers offer the
best of both worlds: an insulator layer (usually SiO2)
between two silicon pieces provides dielectric isolation.
The oxide in between can act as a stop layer so that
the two silicon parts can be processed independently.
Thin layers can be cut from silicon-wafer surface, and
transferred to another substrate, which may be altogether
a different material.

Silicon wafers are available in 3!!, 100, 125, 150, 200
and 300 mm diameters. In addition to size, resistivity
and dopant type, wafer specifications include thickness

and its variation, crystal orientation, particle counts and
many others.

Wafers can be single crystalline, polycrystalline or
amorphous. Silicon, quartz (SiO2) gallium arsenide
(GaAs), silicon carbide (SiC), gallium arsenide (GaAS),
lithium niobate (LiNbO3) and sapphire (Al2O3) are
examples of single-crystalline substrates. Polycrystalline
silicon is widely used in solar cell production, and thin-
film transistors have been made on steel. Amorphous
substrates are also common: glass (which is SiO2

mixed with metal oxides like Na2O); fused silica (SiO2,
chemically it is identical to quartz) and alumina (Al2O3),
which is a common substrate for microwave circuits.
Even plastic sheets have been used as substrates. Exotic
substrates must be evaluated for available sizes, purities,
smoothness, thermal stability, mechanical strength, and
so on. Round substrates are easy to accommodate but
square and rectangular ones need special processing
because tools for microfabrication are geared for round
silicon wafers.

1.3 MATERIALS

Just like substrate wafers, the grown and deposited thin
films can be

• single crystalline,
• polycrystalline,
• amorphous.

During wafer processing, single-crystalline films usually
stay single crystalline, but they can be amorphized
by, for example, ion bombardment; polycrystalline

HEP  + => to be defined...
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Looking closer into microfabrication techniques could lead to 

integration of services (e.g. cooling in silicon,..)
novel particle detectors
anticipation of problems and issues in the development phase

at the moment, silicon thermo-mechanical mock-ups allow to gain expertise in manipulating and 
operating thin silicon devices waiting for the real objects to be fabricated by external partners

At CERN, several projects have been launched in PH-DT in 
collaboration with various experimental groups

micro-channel cooling
adopted by NA62 for the GigaTracker
experimental results published by LHCb for the VeLo upgrade
under consideration by ATLAS, ALICE... and CLIC collider

micro-fluidic scintillating detection
single particle trackers and calorimeters for HEP
beam monitors for hadrontherapy

At long term, the formation of a centre of competence in 
microfabrication within the PH Department, with synergies with the 
existing excellence in microelectronics design and wire-bonding 
module integration, would crucially advance the development of 
novel detectors for LHC and future projects.

34
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http://en.wikipedia.org/wiki/Micromegas_detector

Micromegas
The Micromegas technology research and development

Since 1992, at the CEA Saclay and at CERN, the Micromegas 
technology has been developed in order to obtain more stable, reliable, 
precise and faster detectors. In 2001, twelve large Micromegas detectors 
plane of ) were used for the first time in a large scale experiment at 
COMPASS situated on the Super Proton Synchrotron accelerator at 
CERN. Since 2002 they have been detecting millions of different 
particles per seconds and still continue today.

Another example of the development of the Micromegas detectors is the 
invention of the “bulk” technology. The “bulk” technology consists of 
the integration of the micro-mesh with the printed circuit board (that 
carries the readout electrodes) in order to build a monolithic detector. 
Such a detector is very robust and can be produce within an industrial 
process (a successful try has been conducted with the 3M firm in 
2006[5]) allowing public applications. For instance, by modifying the 
micro-mesh in order to make it photo-sensitive to UV light, the 
Micromegas can be used to prevent forest fires[6].

36
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CERN examples of  micro-fabricated stuff
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Mimotec SA: Micropièces pour grandes idées 

1. Micromoule 2. Micropièce 

Technologie UV-LIGA   (Lithographie, Galvanisierung und Abformung) 

•  Grande liberté de design 
•  Précision élevée (+/- 2µm) 

Domaines d’applications  

•  Etat de surface polie 
•  Microstructure ≥ 5µm 

•  Idéal du prototype à la série 
•  Coûts concurrentiels 

Tuesday, May 11th, 2012 
CMi-EPFL 

16 

 

 

µ-chip pump (6 x 10 mm)



Alessandro Mapelli Forum on Tracking Detector Mechanics - CERN, July, 4th 2012 

CERN microfabrication milestones
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Fundamentals  of Microfabrication and Nanotechnology
Marc Madou, 2012
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CERN structural resistance Pyrex and Si
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CERN  what is micro-fabrication?
same technologies used in micro-electronics but for new applications

micro-electronics
opto-electronics

light emission devices, light detectors, light transmission
Micro-optics

movable mirrors (e.g. TEXAS INSTRUMENTS PROJECTORS)
integrated waveguides

Micro-fluidics
micro-channels (e.g. LAB-ON-CHIP)
micro-pumps (e.g. DRUG DELIVERY, INKJET PRINTER NOZZLES)

MEMS: Micro-Electro-Mechanical Systems
micro-mechanics (Pressure sensors, resonators, gyroscopes, switches,...), micro-machines, micro-sensors, 
actuators
micro-accelerators (e.g. CAR AIR-BAGS)

Nanotechnology
AFM tips, nano-electronics, bottom-up approach

...
Typical dimensions

around 1μm in the plane of the wafer (from 0.1 μm to 100 μm)
vertical dimensions from atomic-layers (0.1nm) to hundreds of micrometres

processes can be transferred out of cleanroom environment
40
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CERN microfabrication
Miniaturization techniques are

top-down methods, in which one builds down from the large to the small, and
bottom-up methods, in which one builds up from the small to the large.

Micromachining, also microfabrication, micromanufacturing, or micro 
electromechanical systems (MEMS) refers to the fabrication of devices with at 
least some of their dimensions in the micrometer range.
In the early years, this discipline was almost exclusively based on thin and thick 
film processes and materials borrowed from IC fabrication labs.
Although the term MEMS is still very popular, a much more apt description today 
for microfabrication and the other techniques described below is miniaturization 
engineering, a discipline based on a thorough knowledge and understanding of 
intended applications, different micromanufacturing options, the behavior of 
materials, and scaling laws.  The latter describes the laws that express how 
structures scale when all their dimensions are isomorphically reduced.
MEMS: MicroElectroMechanical Systems (US)
MST: MicroSystems Technology (Europe)
Micromachining (Japan)
Microengineering (UK)
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CERN NA62 thin Si cooling plate
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Detector.Technologies

PH-DT

towards integrated micro-cooling
1. thin silicon cooling plate

NA62
LHCb

2. silicon cooling frame
NA62

ALICE

3. silicon cooling plate with TSVs
3D architectures

project will start in Sept. 2012

... integration of the µ-channels
in-plane connectivity

in the bulk of the Si detector
in the read-out chips
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TSV: Through Silicon Via
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Detector.Technologies

PH-DT

preliminary results.. evaporative!
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Si	  380	  µm

Pyrex	  525	  µm

Kapton	  heater
pt100

Preliminary	  tests	  using	  the	  first	  frame	  available:
due	  to	  fabrica<on	  problems	  this	  frame	  has	  the	  
heater	  glued	  on	  the	  pyrex	  side	  (high	  thermal	  

resistance).
Future	  tests	  with	  the	  heater	  on	  silicon	  side.

PRELIMINARY
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PH-DT micro-scint people
CERN group

Andrea Catinaccio
Benedetto Gorini
Maurice Haguenauer
Zoe Lawson
Giovanna Lehmann Miotto
Pietro Maoddi
Alessandro Mapelli
Raul Murillo Garcia
Paolo Petagna
Wainer Vandelli

EPFL group
Sébastien Jiguet
Philippe Renaud
Noelia Vico Triviño

INFN group
Guglielmo Gemignani
Daniele Ruggieri
Francesco Safai-Tehrani
Riccardo Vari
Stefano Veneziano
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