
Microfabrication Activities in 
the Engineering Office of the 

PH-DT Group at CERN

Alessandro MAPELLI 
Diego ALVAREZ FEITO, Andrea CATINACCIO, 

Jordan DEGRANGE, Cecilia ROSSI, 
Giulia ROMAGNOLI, Pietro MAODDI



Alessandro MAPELLITIPP, Amsterdam, 4 June 2014 2

BE Beams  
EN Engineering 
FP Finance and Procurement 
GS General Services 
HR Human Resources 
IT Information Technology 
PH Physics

TE Technology

AGS : Administration and General Services 
ALICE : A Large Ion Collider Experiment 
ATLAS : A Toroidal LHC ApparatuS 
CMS : the Compact Muon Solenoid experiment 

DT : Detector Technologies

EDU: Educational group 
ESE : Electronics System for Experiments group 
LCD : Linear Collider Detector 
LHCb : The Large Hadron Collider Beauty experiment 
SFT : SoFTware design for experiments group 
SME : Small and Medium Experiments team 
TOTEM : TOTal cross section, Elastic scattering and 
diffraction dissociation Measurement at the LHC 
TH : THeoretical physics unit

DI: Detecior Infrastructure 
DD: Detector Development 

EO: Engineering Office

EM1: Engineering & Mechanics 1 
EM2: Engineering & Mechanics 2 
TP: Technology & Physics
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microScint 
development of a microfluidic scintillation detector 

microCool 
implementation of microfabricated on-detector cooling systems 

microHeII 
study of heat transfer of superfluid HeII in microfluidic networks 

microSystems engineering 
microFabrication 
integration of microfabricated devices in detectors 
development of a methodology to estimate the mechanical 
performance of (silicon) µ-devices

microEngineering

3
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Microsystems are investigated since 2010 in the CERN Physics Department (PH) 
by the Detector Technologies Group (PH-DT) in close collaboration with the 
EPFL Microsystems Laboratory (LMIS4).
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The fabrication of the microsystems is performed by CERN in the class 100 MEMS 
cleanroom of the Center of MicroNanoTechnology of EPFL in Lausanne, Switzerland
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microfabrication techniques
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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...

Si ingots and wafers

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

Bulk micromachining

 

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

236.1 µm

12.8 µm
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microScint

8

pietro maoddi

photodetectors

electrical 
pulse

particle

liquid scintillator IN

liquid scintillator OUT
scintillating light



Alessandro MAPELLITIPP, Amsterdam, 4 June 2014

1st microScint protos made of 
SU-8 photoresist

9

silicon substrate

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

photoresist spin coating

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

mask alignment

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

UV exposure

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

UV exposure

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

development

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

metallization

single photolithography step to define the channels 
(surface micromachining)
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1st microScint protos made of 
SU-8 photoresist

9

dicing

single photolithography step to define the channels 
(surface micromachining)
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20 m
m

15 mm

10

channel 
50 µm

wall 
10 µm

1 cm

236.1 µm

12.8 µm

Alessandro MAPELLITIPP,Amsterdam, 4 June 2014
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plastics microScint 
SU-8 Au-coat

microScint 
Silicon Al-coat

scintillator 0.5 mm 0.2 mm 0.18 mm

light yield 4.4 pe 
9 pe/mm

1.6 pe 
8 pe/mm

1.4 pe 
7.8 pe/mm

TIPP,Amsterdam, 4 June 2014 Alessandro MAPELLI
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microfabricated scintillation detector 
WO Patent 2013167151 A1, 2013 

X layer 150 µm 
1.0 pe 
6.7 pe/mmY layer 150 µm 

0.9 pe 
6 pe/mm

TIPP,Amsterdam, 4 June 2014 Alessandro MAPELLI
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Double layer (XY) microfluidic device 
EPFL Microsystems Laboratory (lmis4.epfl.ch) 

!

SiPM readout 
INFN, Roma 

!

Integrating aSi:H photodiodes in the microfluidic channels 
EPFL PVLAB (pvlab.epfl.ch)

coming up with microScint

13TIPP,Amsterdam, 4 June 2014 Alessandro MAPELLI

http://lmis4.epfl.ch
http://pvlab.epfl.ch
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No CTE mismatch 
Low material budget 
Active/distributed cooling 
Integration potential

silicon microchannel cooling
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Particle 
detector

Electronics
Thermal 

interface

bump bonds

silicon cooling 
microchannels 

IBM Research - Zurich

Liquid Cooled Integrated Micro-channel Heat SinksLiquid Cooled Integrated Micro channel Heat Sinks

� Figure of Merit:
qCOP
P

�
�

� Heat Flux:
j,max f,in

chip
tot

T T
q A

R
�

�
��

�

� Pumping Power
�P V p� �
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© 2009 IBM CorporationMonday, October 11, 20102

Letters, Vol. 2, 5, 1981.
D.B. Tuckerman and R.F.W. Pease, IEEE Elec. Dev. Letters, Vol. 2, 5, 1981

Great effort required for microfluidic connections in HEP!!
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In October 2014, the Gigatracker pixel detectors will be the first detectors to be cooled with silicon microchannels. 
Liquid C6F14 will circulate at -20ºC in a 130 µm thick silicon plate with microchannels (200 µm x 70 µm).

NA62-GTK.. the 1st microCool

Gigatracker*Module*

Cooling*plate*

Readout*chip*
(12*x*20*mm),*heat*produc=on*
ca.*3.2W*per*chip*(2*W/cm2)*

Sensor,*silicon*pixels*
(30*x*60*mm)*

3D*schema=c*drawing*of*the*GTK*module*

support*and*alignement*structure*

beam*direc=on*
single GTK station

15

130 µm thick Silicon substrate 
with microchannels
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NA62-GTK.. the 1st microCool 
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150 µm

200 x 70 µm

fluidic inlets 
1.6 mm

distribution manifolds 
280 µm deep

microchannels 
200 x 70 µm  
pitch 400 µm
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Paper No. GL-209. 

10th IIR Gustav Lorentzen Conference on Natural Refrigerants, Delft, The Netherlands, 2012 
2 

2. CO2 COOLING APPROACH 

A silicon detector has in general several layers of silicon sensors covering a large area around the collision 
point. Figure 1 shows a picture of the CMS silicon detector. Clearly visible are the silicon sensors mounted 
on long substructures called staves. Each stave needs cooling along the length connecting all the silicon 
wafers and their readout electronics in series. Cooling pipes in detectors have in general lengths of several 
meters and have small diameters for mass savings reasons. The many individual cooling lines are connected 
to each other in manifolds at the inlet and outlet.  

The silicon detectors are the central part of many other detector structures. They occupy the innermost part 
of the experiment and are very hard to access. The manifolds are therefore often far away from the cooling 
pipes of the silicon detectors in areas which can be reached in case of problems with individual cooling lines. 
Silicon detector cooling lines are therefore not only long inside the detector, but have as well long inlet and 
outlet lines to the manifolds. Figure 2 shows a typical particle detector with a silicon detector in the center of 
the experiment. The long lines are connected to manifolds far away from the central silicon detector. The 
figure also shows a simplified schematic of the circulation system which is used often in particle physics 
detector cooling. This specific way of circulating and conditioning the fluid inside the cooling lines is called 
2PACL (2-Phase Accumulator Controlled Loop) (Verlaat et al. 2011). This method controls the system 
pressure and hence evaporation temperatures by a 2-phase accumulator which is heated or cooled. A heat 
exchanging concentric transfer line (2-3) brings the liquid in the inlet of the detector cooling pipes into 
saturation. Like this the evaporation in the detector cooling pipes is always happening at the pressure 
regulated in the accumulator. Experimental caverns are inaccessible during running of the LHC beam. All 
the active hardware of a 2PACL can be located in a safe zone (left side of figure 2). This area is always 
accessible for maintenance. In the experimental cavern preferably only passive piping is present. For the 
moment the CO2 loops are cooled with standard HFC chillers, full CO2 solutions will be considered in the 
future. 

3. DESIGNING EVAPORATOR COOLING LINES 

As discussed in the introduction, the cooling lines of particle detectors have small diameters and are 
relatively long. They also have in general long in and outlet connection tubes before they are joined into 
manifolds. In particle detectors it is preferred to have the active components as much as possible in 
accessible   areas.  That’s  why   the   plant  with   all   the   controls   is located in the safe zone far away from the 
detector (Figure 2).  The manifolds are located preferably in areas where access is also possible as accessible 
manifolds allow access or shutting-off of malfunction cooling channels. It is however not needed to have 
them all the way in the safe zone; easy access near the experiment during an LHC intervention is enough as 
the likelihood of problems is small. The silicon detectors are the central part of detector. The nearest 
accessible zone can still be far away. Therefore silicon detector cooling lines can have very long in and outlet 
lines, which need to be small as well due to small available space and the requirement of low mass.  
For flow distribution of the individual lines a passive method is preferred above a controlled one for 
reliability reasons. This means that the long lines with different pressure drop characteristics need to be 
designed such that they get the necessary liquid flow under all operational conditions.  
Parallel evaporator lines are per definition instable with respect to flow distribution. If one branch is 
receiving more heat load it will also created more vapor, which is creating more flow resistance. The 
common boundary condition for all lines is the pressure drop between the two manifolds. As a result of more 

Figure 2: A 2PACL system with CO2 as used in particle detector cooling. 

LHCb VeLo Upgrade.. CO2 in microchannels
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Transition from inlet restrictions 
to evaporative microchannels

Inlet Outlet

Inlet restrictions 
30 x 60 µm

Microchannels 
200 x 60 µm

•CO2  is excellent for microchannels: low viscosity and relatively high latent heat capacity

•Even flow across microchannels is aided by an initial set of narrower channels (higher impedance)
•expansion triggers the boiling

•The output temperature is lower than the input temperature. Output fluid subcools the input
•should design the boiling to start in the [wider] microchannel, not before

•Key is to maintain a good pressure differential (ΔP) across the microchannel system
•Hence achieve sufficient mass-flow and cooling power

•Microchannels achieve low ΔT between the heat source and the output due to their close proximity

•Normal operation is 20-30bar
•Structure needs to withstand static room-temperature conditions (Critical P & T = 74bar & 31°C)
•High pressure “emergencies” need be avoided / protected / interlocked ...

➛
subcooled liquid

liquid/vapour
vapour only (undesirable)

ΔP
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1.3 Upgrade overview

Figure 1.1: Layout of the new ITS detector.
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Figure 1.2: Schematic view of the cross section of the Inner Barrel

• Cold Plate. Carbon ply that embeds the cooling pipes.

• Hybrid Integrated Circuit. Assembly consisting of the polyimide flexible printed
circuit (FPC) on which the pixel chips and some passive components are bonded.

• Half-Stave. The stave of the outer barrel is further segmented in azimuth in two
halves, named half-stave. Each half-stave will consists of a number of modules
glued on a common cooling unit.

• Module. The staves of the Outer Barrel are further segmented longitudinally in
modules. Each module consists of a hybrid integrated circuit, i.e. a number of
pixel chips (e.g. 2 x 7) bonded on a flexible printed circuit, which is glued on a
carbon fleece.

The Stave for the Inner Barrel and the Outer Barrel are illustrated in Figures 1.4.

9

270 mm

ALICE ITS… towards a microfluidic stave

18

distribution line 
350 x 350 µm

microchannels 
100 x 100 µm

Bridge interconnections

Fluid path

270 mm

x4 = 270mm

Baseline solution for mechanics and cooling developed by Corrado GARGIULLO et al.

© Jerome DAGUIN
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towards integrated microcooling

19

A. Mapelli, L. Musa, P. Petagna, P. Riedler, 2011

Si 50 µm

Option 1 
cooling pipes

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 + CMOS
direct bonding

SOI with 

embedded channels
etching

epi + CMOS

thinning back bump bonding

oxidation

Si wafers

lots of issues to be addressed 
with industrial partners
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study the heat transfer of superfluid Helium-II in 
glass microchannels 
thermally-enhanced insulation of LHC magnets for 
future upgrades

microHeII.. superfluid helium

20

LHC standard insulation Enhanced insulation for LHC upgrade

The samples are installed in a Claudet-bath cryostat [11], in horizontal position to 
eliminate gravitational effect. Measurements are performed in He IIp kept at a constant 
temperature in the range 1.7-2.0 K and a constant pressure around 1 atm. The temperature 
difference accuracy is about 0.3 mK, using a lock-in amplifier. The temperature sensors are 
calibrated in situ in He II. The cryostat bath temperature is regulated and held constant 
(±1 mK) for the whole test over the range of power dissipation. 
 
 
SAMPLES 
 

Three samples were realized using the mentioned techniques of sandblasting, HF or 
DRIE etching. Their geometrical features are summarized in TABLE 1 referring to an 
equivalent diameter (1) or to the equivalent rectangular cross-section (2 and 3).  

 
TABLE 1. Samples geometrical parameters. 

 
Sample MEMS 

technique 
Number of 
channels 

Characteristic 
dimensions  (μm) 

Total Channels 
Area (mm2) 

Length  
(mm) 

1 Sandblasting 158 Φ equivalent = 100.4 1.25 55 
2 HF etching 172 17.15 x 75.1 0.22 55 
3 DRIE etching 1000 ~15.8 x 24 0.38 55 

 
Sample 1 is intended to validate the experimental setup in checking the agreement 

with the fully developed turbulence theory. Samples 2 and 3 aim at investigating some of 
the He IIp heat transport features for the first time in channels with a thickness smaller 
than  20  μm. 

Characterization of the channels was carried out using a scanning electron 
microscope (SEM). As it can be seen in FIGURE 3, the channels realized by 
sandblasting feature a larger wall roughness (a) (b) than those realized with the HF 
etching technique (c) (d). They are also less regular: 20% of the sample 1 channels show 
a deviation from the average cross-section of the order of ±7.5%. 

 

 
FIGURE 3. Scanning electron microscope (SEM) characterization of sample 1 (a)(b) and sample 2 (c)(d). 
 

Since the SEM characterization is destructive and we plan to perform more 
measurements with sample 3, the dimensions of its channels have not been measured yet. 
We have however observed them with an optical microscope and determined a channel 
width  of  around  24  μm.  The   thickness  of  15.8  μm  reported   in  TABLE  1  was deduced 
from heat transfer considerations, as reported in the next section. 

 
 

�



Alessandro MAPELLITIPP, Amsterdam, 4 June 2014

simulations vs experiments
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