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• No CTE mismatch 
• Standard mcirofabrication processes 

• Microfliudics uses the same processes as microelectronics 

• Active and distributed cooling 
• Better temperature uniformity across sensor 

• Low and uniform material budget 
• Radiation resistance 
• Great potential for integration 

• Same microfabrication techniques as sensors and 
microelectronics. 

• Thermal Figure of Merit

Silicon microchannel 
cooling plates
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NA62 LHCb
# of modules 3 52 (2x 26)
distance between modules ~10 m 2.5 cm
sensors hybrid pixel hybrid pixel
sensor size 60 x 38 mm 43 x 15 mm
sensors/module 1 4 (2 on each side of plate)
power dissipation (average) ~2 W/cm2 ~2 W/cm2

coolant liquid C6F14 evap. CO2

cooling plate thickness ~200 µm ~500 µm
operating temp. on sensor -10ºC > -20ºC
max. operating pressure ~10 bars ~60 bars
safety pressure ~20 bars ~200 bars
operation in vacuum primary vacuum of NA62 secondary vacuum of LHC
distance to beam in the beam axis 5.1 mm

Silicon 
microchannel 
cooling plate

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*

NA62 GTK and LHCb VELO Upgrade
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Process-flow developed at CERN for 
the first microchannel cooling plates

open the through holes and to anisotropically etch
50 µm deep, and 50 µm wide, channels (Fig. 1
(b)). They are separated by 25 µm wide fins
defining an array of straight and parallel channels.
The channels are connected to the inlet and out-
let through holes via two distribution manifolds.
They are closed with a Pyrex wafer (4” diameter
and 525 µm thick) anodically bonded to the struc-
tured silicon wafer (Fig. 1 (c)). The bonding is
performed at 320◦C. A voltage of 800 V is applied
between the silicon and the Pyrex wafers and the
current is monitored until it reaches 10% of the
initial value. The wafer is then diced to obtain ei-
ther a single cooling plate, with precise external
references for integration into the electromechan-
ical assembly, or samples for destructive pressure
tests. In the latter case 5 chips are diced out of
a wafer. PEEK connectors (NanoPort assemblies
from Upchurch Scientific) are aligned, together
with a gasket and a preformed adhesive ring to
the inlet and outlet through holes in the silicon,
and they are clamped. They undergo a thermal
treatment at 180◦C for 2 hours to develop a com-
plete bond with the silicon substrate (Fig. 1 (d)).

Figure 1. Fabrication process-flow.

This process-flow is used to produce full-scale
prototype cooling plates for thermo-hydraulic
studies (Sec. 4) as well as samples for structural
studies (Sec. 3).

3. STRUCTURAL RESISTANCE AND
ANSYS MODEL

Samples for destructive tests, with different
manifold sizes, are produced and brought to col-

lapse by increasing their internal pressure Pint

under a high speed camera in order to determine
the limit pressure and the exact breaking mechan-
ics. They have only one transfer hole in the sil-
icon, a single manifold and 3 mm long dead end
microchannels. The geometry of the devices is
the same except for the width of the manifold w
which varies from 0.2 to 2 mm. The pressure ap-
plied in the devices is monitored with a LabView
data acquisition system and the failure pressure
for the different manifolds is plotted in Fig. 2. In
all cases, except when w = 0.2 mm where the con-
nector detaches before failure, the Pyrex breaks
before the silicon.

Figure 2. Comparison between experimental and
simulated data. Structures with width w = 0.2,
0.25, 0.5, 1 and 2 mm have been produced and
tested. For w = 0.2 mm the glued connector de-
taches at pressures in the order of 70 bars before
the chip breaks.

A simplified ANSYS parametric model has
been developed and it shows a good correlation
to experimental data (Fig. 2). Based on these
results predictive studies are performed aiming
towards a more complex microfabrication process
with additional etching and bonding steps, all of
which are well controlled. Moreover the transpar-
ent Pyrex cover required for flow visualization of
the prototype devices will be replaced by a silicon
wafer to obtain an all silicon cooling device.

A. Mapelli et al. / Nuclear Physics B (Proc. Suppl.) 215 (2011) 349–352350
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pre-etching of 
through holes

etching of through holes 
& microchannels

anodic bonding 
of glass cover

glueing of PEEK 
connectors

A. Mapelli et al. / Nuclear Physics B (Proc. Suppl.) 215 (2011) 349–352 

•Power dissipation 
•Digital Power 38 W 
•Analog Power 10 W 

•Liquid C6F14 
•7g/s 
•-19°C at inlet 

CP equipped with thermo-
mechanical mockup of the 
hybrid detector

}

Paper No. GL-209. 

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

First demonstration of 2-phase CO2 
circulation in silicon microchannels.

•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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Liquid

2-phase

4” wafers

1st CP tested at CERN

2 independent networks of 75 µchannels

inlets and distribution manifolds (1.6 x 0.28 mm)

outlets

“in-house” microfabrication processes
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microfabrication of the GTK cooling plates

•Collaborative effort between CERN (ALICE, LHCb, NA62 and EP-
DT) and external partners (CSEM, EPFL).

•Design by CERN EP-DT

•Prototypes fabricated by CERN EP-DT at EPFL-CMi on 4” wafers

•Pre-production series by IceMOS on 6” wafers

•Three batches fabricated at CEA-Leti on 8” wafers

•Fourth batch is under fabrication for the post-LS2 GTK modules.

6

8” Si wafer

etching of channels & manifolds

Bonding of Si cover

etching of fluidic inlets

Thinning of acceptance

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

Metallization around Inlets

150 µm
200 x 70 µm

2x branches to fabricate 
cooling frames 
(alternative solution)

24 x Soldering test samples - QA/QC 
(common study with LHCb)

Cooling plate TOP

Cooling plate BOT

48 x Pressure test samples - QA/QC
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A. Plößl, G. Kräuter/Materials Science and Engineering R25 (1999) 1-88 

Hydrophilic bonding Hydrophobic bonding

delamination + rupture rupture without delamination

HYDROPHOBIC DIRECT BONDING : POST BAKING

|  PAGE 8Frank Fournel | 13 Novembre 2012CONFIDENTIAL

P05

Scanning Acoustic Microscope image of 
bonded wafers with test structures.

Fractured Si

Fractured Si

Delaminated 
SiO2

Si

Si

SiO2

Si

Si

Fractured Si
Fractured SiDelaminated SiO2

Pmax ~400 bars Pmax ~700 bars

A. Plößl, G. Kräuter/Materials Science and Engineering R25 (1999) 1-88 

No intermediate layer such as eutectic metals or adhesives between the wafers

Tanneal = 1050ºC Tanneal = 1050ºC

Fractured Si

Silicon direct wafer bonding
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QA/QC of the cooling plates
• Etching profiles of the microchannels.

• Scanning Acoustic Microscopy of bonded wafers.

• Visual inspection during tape-out.

• Metrology of cooling plates (Inlets and pools).

• Pressure tests on dedicated samples


• 1500 µm wide cavities (manifolds) > 25 bars

• 200 µm wide cavities (microchannels) > 200 bars

• Soldering pads > 200 bars


• Pressure and temperature cycles on soldered cooling plate.

8

fluid in/out 
diam. 1.6 mm

µchannels 
70 µm

manifold 
280 µm

Metrology of fluidic inlet/outlet Pressure testing of silicon 
microchannels Cooling test  setup at CERN

Visual inspection

SAM of bonded interface

SEM of microchannels



Alessandro Mapelli | 20203rd FCC Physics and Experiments Workshop

Microfluidic system integration
Assembly steps: 
•Machining of KOVAR connectors;

•Brazing of connectors to capillaries (1);

•Bending of the capillaries;

•Brazing the other end of the capillaries to the manifolds (2);

•NiAu plating of the connectors;

•Soldering of the connectors to the silicon cooling plate (3);


QA/QC: 
• After each joining step the He leak rate is measured. (Acceptance leak 

rate: 10-10 mbar l-1s-1).

• Pressure testing of the cooling plate at 1.43 x Pop

9

1. Brazing NICROBRAZ
2. Brazing NICROBRAZ

3. Soldering KOVAR to silicon

  

 

 Silicon

NiAu 
~10 µm

SnPb

TiNiAu 
~1 µm

KOVAR 
FeNiCo 

CTE ~5x10-6 /K

Stainless  Steel NICROBRAZ
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Glueing the detector on the cooling plate
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Adhesive 
3M 9461P 100 
30 µm 
no curing required

Hybrid

Cooling plate

COOLING PLATE

FE CHIPS

PIXEL 
DETECTOR

REWORKABILITY 
The detector can be detached 

from the cooling plate… or the 

other way around.
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Clamping the cooling plate to the PCB

11

Countersink

EDMS Doc. No. 1502535
EDMS Doc. No. 1502535

2

EDMS Doc. No. 16872393D-printed clamps
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Wire-bonding
• Performed at CERN (http://bondlab-qa.web.cern.ch/)

• 18000 wire bonds per module with a pitch of 73 µm

• Height difference between PCB pads and TDCPix pads.

12

          COOLING PLATE

sensor

TDCPix

CLAMP

    Solder mask Top 
01 - Top Layer    40 
        Pre-preg     75 
02 - GND1           17 
        Core           150 
03 - Stripline1    17 
        Pre-preg   150 
04 - GND2           35 
        Core             50 
05 - Power1        35 
        Pre-preg   150 
06 - Power2        35 
        Core           100 
07 - Power3        35 
        Pre-preg   150 
08 - Power4        35 
        Core           100 
09 - GND3           35 
        Pre-preg   150 
10 - Power5        35 
        Core             50 
11 - GND4           35 
        Pre-preg   150 
12 - Stripline2    17 
        Core           150 
13 - GND5           17 
        Pre-preg     75 
14 - Bot. layer     12 
    Solder mask Bot.

http://bondlab-qa.web.cern.ch/
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NA62 GigaTracKer
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~50 cm

Read-out 
board

Vacuum flange 
and feedthrough

Hybrid 
(not shown)

Microfluidic 
connectors

Cooling plate

1/16” SS capillaries

Manifolds 
(1/8” to 1/16”)

1/8” SS capillaries

Alessandro Mapelli | 20203rd FCC Physics and Experiments Workshop
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The GTK in the NA62 experiment

15

Beam

cooling 
plant

GTK_3

GTK_2

GTK_1

• 2014 - Installation of the first GTK. 
• 2016-2018 - Physics runs with 3 GTK detectors. 
• 2019-2020 - (LS2) construction of the GTKs for 2021-2022.

• At nominal beam intensity the detectors are exposed to a fluence 
corresponding to 4x1014 neq /cm2 in one year (200 days) of data taking. 

• In order to minimise radiation-induced damages, the detectors are 
operated at approximately -15ºC in vacuum (~10-6 mbar).  

• Detectors have to be replaced every 100 days. 
• GTK designed to be replaced rapidly (<0.5 day intervention).

2017 JINST 12 P05025

2 Design and analysis principles

2.1 Choice of detector layout

The choice of the decay-in-flight technique is motivated by the possibility of obtaining an integrated
flux of O(1013

) kaon decays over a few years of data-taking with a signal acceptance of about 10%,
leading to the collection of about 100 SM events in the K

+
! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.

x
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SAC

RICH
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Dump

CHOD

Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching

– 3 –
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LHCb VELO Upgrade
• Distance of closest pixel to LHC beam is 5.1 mm.

• Particle rate up to 600MHz/cm2.

• Very high radiation dose


• 4x1014 neq /cm2 for 50 fb-1,

• and non-uniform radiation.


• Very high data rates

• up to ~15 Gbit/s for central ASICs and 2.9 Tbit/s in total.


• Sensor temperature < -20°C (CO2 @ -30°C).

• Total maximum power dissipation  per module is ~30 W. Nearly 

1W/cm2.

• Inside vacuum vessel.

16

52 modules (26 per side)

Vertex Locator
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Module Design
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module substrate

Module foot (Al)

CO2 Outlet 

 Capillary (SS)

1/8“ VCR 
Fitting

CO2 Inlet 

Capillary (SS)

Mid plate  
(CF plate)

Legs (Unidirectional  
Carbon Fiber Tubes)

“Bare” Module

Clamp (peek)

“Full” Module
Tiles: 
Sensor + 3 ASICs

Hybrids

Low voltage 
supplies

Data flex cables

Interconnect 
Flex cables
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VELO Module

18

The tip of the module is displaced by less than  40 µm

when cooling from room temperature +20ºC to -30ºC

∆x
 ~

40
 µ

m
∆T

 5
0º

C



Alessandro Mapelli | 20203rd FCC Physics and Experiments Workshop

VELO Module
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(all distances in um)

500

thermal interface

Microchannels designed  to bring the 
coolant under the heat sources.
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For 22W dissipated in the module  
the ASIC temperature is < 3C above 
CO2 cooling liquid temperature. 
(Stycast glue layer thickness < 100 um)
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Cooling plate Metal sample

Pressure sample

microfabrication of the VELO cooling plates

20

Inlets
Metallisation 
Ti-Ni-Au 
200-350-500nm

Cooling plate 
500 µm

Inlet restrictions 
60 x 60 µm (40 mm long) 
Dominant pressure drop 
Prevent instabilities among the channels

Microchannels 
120 x 200µm (~260 mm long) 
Absorbed heat changing the CO2 vapor 
quality (ratio of gas and liquid

Plasma dicing by DRIE 
Deep Reactive Ion Etching

Chang Kun Kang et al 2008 J. Micromech. Microeng. 18 075007
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Leti-3S received in December 2019 an LHCb Industry Award to acknowledge 
their outstanding contribution for the successful manufacturing of the 
microchannel cooling plates for the LHCb VELO LS2 Upgrade.
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Connector pre-tinning

Alignment 

Silicon pre-tinning

I

II

III

Soldering

IV
Silicon plateCounter weight

Ball Support

Support

Connector

Solder layers

soldering of metallic connectors

22

Wiktor Byczyński 16/07/2018 28

Connector pre-tinning

Alignment 

Silicon pre-tinning

I

II

III

Soldering

IV
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Connector pre-tinning

Alignment 

Silicon pre-tinning

I

II

III

Soldering

IV

Si substrate

INVAR 
Connector

Ni 10 µm

Au  100 nm

62Sn36Pb2Ag 
~200 µm

Ni 350 nm

Au 500 nm

Ti 200 nm

Wiktor Byczyński 16/07/2018 28

Connector pre-tinning

Alignment 

Silicon pre-tinning

I

II

III

Soldering

IV

62Sn36Ag2Pb preform for pre-tinning 
of cooling plate and connector

1. Pre-tinning of 
cooling plate

2. Pre-tinning of connector

3. Alignment of connector to cooling plate

4. Soldering

stainless steel 
capillary

INVAR 
connector

silicon microchannel 
cooling plate
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cooling plates planarity

23

•Slight change on the planarity of the cooling plates. 
•No significant stress generated by the soldering. 
•The cooling plate is the backbone of the 

mechanical assembly of the VELO module.

Keyence VR-3200 
3D optical metrology at CERN

before soldering after soldering

planarity 
measurement

min. -60 µm -50 µm
max. +26 µm +25 µm

variation   86 µm   75 µm
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Embedding channels in detectors 
Getting rid of the fluidic connectors
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FIG. 1. Monolithic pixel detector fabri-
cated with CMOS compatible covalent
bonding.

performed in this work, and it is described as follows: wafers
were first placed into a surface treatment module to remove
native oxide. Then bonding was performed by applying a pres-
sure of 0.06 MPa while annealing for 60 minutes. For anneal-
ing temperatures higher than 200�C, the bulk surface energy
of silicon was reached (2.5 J/m2) with an amorphous silicon
layer at the interface whose thickness was around 3 nm.1 Thin
wafers stacking were successfully obtained with this tech-
nique6 and the electrical conduction through this interface
was demonstrated by Jung et al.7 Based on these prelimi-
nary results, this technology holds a great potential to fabri-
cate radiation detectors for high energy physics experiments
or biomedical applications,8,9 among other applications, since
charges generated by radiations in the sensitive bulk could be
collected by the CMOS circuitry by drifting across an electric
field (see FIG. 1). In addition, a CMOS-processed wafer could
also be bonded with a different semiconductor to optimize the
detection performances.

However, even though the conductivity at the interface
seems preserved, this does not guarantee that charges can
be collected efficiently, since they still need to drift through
the bonding interface. For this purpose, the Transient Cur-
rent Technique (TCT) is used in this work to characterize the
trap density and electric field at the bonding interface as mod-
elled by Bronuzzi et. al.10 TCT is a characterization technique
largely used11 to study the impact of radiation damage in PN
junctions and Schottky diodes.12 In TCT the current induced
by non-equilibrium charge carriers, normally generated using
a laser, is time resolved. The shape of the current transient
is related to the shape of the electric field inside the diode

through Ramo’s theorem.13 Two different TCT illumination
schemes were used in this work: one in which charges are
generated at the surface of the diode using lasers in the vis-
ible (normal TCT14), and another where charges were injected
from the edge with an infrared laser beam (edge TCT or
e-TCT15). In both cases, the current signal can be used to get
information about the effective doping concentration in the
silicon bulk,14 or the presence of interface layers with traps.10
In e-TCT, a spatially resolved profile of the electric field can
be obtained along the depth of the diode.15,16

In this work, a method to characterize thin interfaces (in
this case generated by the CMOS compatible covalent bond-
ing process) is described in detail through the analysis of the
shape of the TCT signal. In the first section, we will explain
the technology used for the low temperature silicon bond-
ing. Then, the second part will deal with the integration of the
Schottky diodes. Finally, the last section will present the TCT
measurements and data analysis.

II. CMOS COMPATIBLE COVALENT BONDING
In this section, bonding of unprocessed wafers, per-

formed by CEA-Leti in Grenoble, will be described. Six-
teen highly resistive (HR) P-type doped Czochralski wafers
(⇢>5 k⌦cm, 200 mm diameter) were used. A sketch of the
process flow is summarized in FIG. 2. Wafers were first oxi-
dized based on a wet thermal oxidation process to obtain a
1 µm thick silicon oxide layer. After this process, 14 wafers
were divided into two groups depending on their role: top
wafers and bottom wafers, sparing 2 of them that were kept

FIG. 2. Scheme of the process flow for
CMOS compatible wafer bonding.
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trap density and electric field at the bonding interface as mod-
elled by Bronuzzi et. al.10 TCT is a characterization technique
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e-TCT15). In both cases, the current signal can be used to get
information about the effective doping concentration in the
silicon bulk,14 or the presence of interface layers with traps.10
In e-TCT, a spatially resolved profile of the electric field can
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In this work, a method to characterize thin interfaces (in
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ing process) is described in detail through the analysis of the
shape of the TCT signal. In the first section, we will explain
the technology used for the low temperature silicon bond-
ing. Then, the second part will deal with the integration of the
Schottky diodes. Finally, the last section will present the TCT
measurements and data analysis.
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performedinthiswork,anditisdescribedasfollows:wafers
werefirstplacedintoasurfacetreatmentmoduletoremove
nativeoxide.Thenbondingwasperformedbyapplyingapres-
sureof0.06MPawhileannealingfor60minutes.Foranneal-
ingtemperatureshigherthan200�C,thebulksurfaceenergy
ofsiliconwasreached(2.5J/m2)withanamorphoussilicon
layerattheinterfacewhosethicknesswasaround3nm.1Thin
wafersstackingweresuccessfullyobtainedwiththistech-
nique6andtheelectricalconductionthroughthisinterface
wasdemonstratedbyJungetal.7Basedontheseprelimi-
naryresults,thistechnologyholdsagreatpotentialtofabri-
cateradiationdetectorsforhighenergyphysicsexperiments
orbiomedicalapplications,8,9amongotherapplications,since
chargesgeneratedbyradiationsinthesensitivebulkcouldbe
collectedbytheCMOScircuitrybydriftingacrossanelectric
field(seeFIG.1).Inaddition,aCMOS-processedwafercould
alsobebondedwithadifferentsemiconductortooptimizethe
detectionperformances.

However,eventhoughtheconductivityattheinterface
seemspreserved,thisdoesnotguaranteethatchargescan
becollectedefficiently,sincetheystillneedtodriftthrough
thebondinginterface.Forthispurpose,theTransientCur-
rentTechnique(TCT)isusedinthisworktocharacterizethe
trapdensityandelectricfieldatthebondinginterfaceasmod-
elledbyBronuzziet.al.10TCTisacharacterizationtechnique
largelyused11tostudytheimpactofradiationdamageinPN
junctionsandSchottkydiodes.12InTCTthecurrentinduced
bynon-equilibriumchargecarriers,normallygeneratedusing
alaser,istimeresolved.Theshapeofthecurrenttransient
isrelatedtotheshapeoftheelectricfieldinsidethediode

throughRamo’stheorem.13TwodifferentTCTillumination
schemeswereusedinthiswork:oneinwhichchargesare
generatedatthesurfaceofthediodeusinglasersinthevis-
ible(normalTCT14),andanotherwherechargeswereinjected
fromtheedgewithaninfraredlaserbeam(edgeTCTor
e-TCT15).Inbothcases,thecurrentsignalcanbeusedtoget
informationabouttheeffectivedopingconcentrationinthe
siliconbulk,14orthepresenceofinterfacelayerswithtraps.10
Ine-TCT,aspatiallyresolvedprofileoftheelectricfieldcan
beobtainedalongthedepthofthediode.15,16

Inthiswork,amethodtocharacterizethininterfaces(in
thiscasegeneratedbytheCMOScompatiblecovalentbond-
ingprocess)isdescribedindetailthroughtheanalysisofthe
shapeoftheTCTsignal.Inthefirstsection,wewillexplain
thetechnologyusedforthelowtemperaturesiliconbond-
ing.Then,thesecondpartwilldealwiththeintegrationofthe
Schottkydiodes.Finally,thelastsectionwillpresenttheTCT
measurementsanddataanalysis.

II.CMOSCOMPATIBLECOVALENTBONDING
Inthissection,bondingofunprocessedwafers,per-

formedbyCEA-LetiinGrenoble,willbedescribed.Six-
teenhighlyresistive(HR)P-typedopedCzochralskiwafers
(⇢>5k⌦cm,200mmdiameter)wereused.Asketchofthe
processflowissummarizedinFIG.2.Waferswerefirstoxi-
dizedbasedonawetthermaloxidationprocesstoobtaina
1µmthicksiliconoxidelayer.Afterthisprocess,14wafers
weredividedintotwogroupsdependingontheirrole:top
wafersandbottomwafers,sparing2ofthemthatwerekept

FIG.2.Schemeoftheprocessflowfor
CMOScompatiblewaferbonding.
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performed in this work, and it is described as follows: wafers
were first placed into a surface treatment module to remove
native oxide. Then bonding was performed by applying a pres-
sure of 0.06 MPa while annealing for 60 minutes. For anneal-
ing temperatures higher than 200�C, the bulk surface energy
of silicon was reached (2.5 J/m2) with an amorphous silicon
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schemes were used in this work: one in which charges are
generated at the surface of the diode using lasers in the vis-
ible (normal TCT14), and another where charges were injected
from the edge with an infrared laser beam (edge TCT or
e-TCT15). In both cases, the current signal can be used to get
information about the effective doping concentration in the
silicon bulk,14 or the presence of interface layers with traps.10
In e-TCT, a spatially resolved profile of the electric field can
be obtained along the depth of the diode.15,16

In this work, a method to characterize thin interfaces (in
this case generated by the CMOS compatible covalent bond-
ing process) is described in detail through the analysis of the
shape of the TCT signal. In the first section, we will explain
the technology used for the low temperature silicon bond-
ing. Then, the second part will deal with the integration of the
Schottky diodes. Finally, the last section will present the TCT
measurements and data analysis.
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(⇢>5 k⌦cm, 200 mm diameter) were used. A sketch of the
process flow is summarized in FIG. 2. Wafers were first oxi-
dized based on a wet thermal oxidation process to obtain a
1 µm thick silicon oxide layer. After this process, 14 wafers
were divided into two groups depending on their role: top
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e-TCT15). In both cases, the current signal can be used to get
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performed in this work, and it is described as follows: wafers
were first placed into a surface treatment module to remove
native oxide. Then bonding was performed by applying a pres-
sure of 0.06 MPa while annealing for 60 minutes. For anneal-
ing temperatures higher than 200�C, the bulk surface energy
of silicon was reached (2.5 J/m2) with an amorphous silicon
layer at the interface whose thickness was around 3 nm.1 Thin
wafers stacking were successfully obtained with this tech-
nique6 and the electrical conduction through this interface
was demonstrated by Jung et al.7 Based on these prelimi-
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or biomedical applications,8,9 among other applications, since
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collected by the CMOS circuitry by drifting across an electric
field (see FIG. 1). In addition, a CMOS-processed wafer could
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from the edge with an infrared laser beam (edge TCT or
e-TCT15). In both cases, the current signal can be used to get
information about the effective doping concentration in the
silicon bulk,14 or the presence of interface layers with traps.10
In e-TCT, a spatially resolved profile of the electric field can
be obtained along the depth of the diode.15,16
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this case generated by the CMOS compatible covalent bond-
ing process) is described in detail through the analysis of the
shape of the TCT signal. In the first section, we will explain
the technology used for the low temperature silicon bond-
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performed in this work, and it is described as follows: wafers
were first placed into a surface treatment module to remove
native oxide. Then bonding was performed by applying a pres-
sure of 0.06 MPa while annealing for 60 minutes. For anneal-
ing temperatures higher than 200�C, the bulk surface energy
of silicon was reached (2.5 J/m2) with an amorphous silicon
layer at the interface whose thickness was around 3 nm.1 Thin
wafers stacking were successfully obtained with this tech-
nique6 and the electrical conduction through this interface
was demonstrated by Jung et al.7 Based on these prelimi-
nary results, this technology holds a great potential to fabri-
cate radiation detectors for high energy physics experiments
or biomedical applications,8,9 among other applications, since
charges generated by radiations in the sensitive bulk could be
collected by the CMOS circuitry by drifting across an electric
field (see FIG. 1). In addition, a CMOS-processed wafer could
also be bonded with a different semiconductor to optimize the
detection performances.

However, even though the conductivity at the interface
seems preserved, this does not guarantee that charges can
be collected efficiently, since they still need to drift through
the bonding interface. For this purpose, the Transient Cur-
rent Technique (TCT) is used in this work to characterize the
trap density and electric field at the bonding interface as mod-
elled by Bronuzzi et. al.10 TCT is a characterization technique
largely used11 to study the impact of radiation damage in PN
junctions and Schottky diodes.12 In TCT the current induced
by non-equilibrium charge carriers, normally generated using
a laser, is time resolved. The shape of the current transient
is related to the shape of the electric field inside the diode

through Ramo’s theorem.13 Two different TCT illumination
schemes were used in this work: one in which charges are
generated at the surface of the diode using lasers in the vis-
ible (normal TCT14), and another where charges were injected
from the edge with an infrared laser beam (edge TCT or
e-TCT15). In both cases, the current signal can be used to get
information about the effective doping concentration in the
silicon bulk,14 or the presence of interface layers with traps.10
In e-TCT, a spatially resolved profile of the electric field can
be obtained along the depth of the diode.15,16

In this work, a method to characterize thin interfaces (in
this case generated by the CMOS compatible covalent bond-
ing process) is described in detail through the analysis of the
shape of the TCT signal. In the first section, we will explain
the technology used for the low temperature silicon bond-
ing. Then, the second part will deal with the integration of the
Schottky diodes. Finally, the last section will present the TCT
measurements and data analysis.

II. CMOS COMPATIBLE COVALENT BONDING
In this section, bonding of unprocessed wafers, per-

formed by CEA-Leti in Grenoble, will be described. Six-
teen highly resistive (HR) P-type doped Czochralski wafers
(⇢>5 k⌦cm, 200 mm diameter) were used. A sketch of the
process flow is summarized in FIG. 2. Wafers were first oxi-
dized based on a wet thermal oxidation process to obtain a
1 µm thick silicon oxide layer. After this process, 14 wafers
were divided into two groups depending on their role: top
wafers and bottom wafers, sparing 2 of them that were kept

FIG. 2. Scheme of the process flow for
CMOS compatible wafer bonding.
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FIG.1.Monolithicpixeldetectorfabri-
catedwithCMOScompatiblecovalent
bonding.

performedinthiswork,anditisdescribedasfollows:wafers
werefirstplacedintoasurfacetreatmentmoduletoremove
nativeoxide.Thenbondingwasperformedbyapplyingapres-
sureof0.06MPawhileannealingfor60minutes.Foranneal-
ingtemperatureshigherthan200�C,thebulksurfaceenergy
ofsiliconwasreached(2.5J/m2)withanamorphoussilicon
layerattheinterfacewhosethicknesswasaround3nm.1Thin
wafersstackingweresuccessfullyobtainedwiththistech-
nique6andtheelectricalconductionthroughthisinterface
wasdemonstratedbyJungetal.7Basedontheseprelimi-
naryresults,thistechnologyholdsagreatpotentialtofabri-
cateradiationdetectorsforhighenergyphysicsexperiments
orbiomedicalapplications,8,9amongotherapplications,since
chargesgeneratedbyradiationsinthesensitivebulkcouldbe
collectedbytheCMOScircuitrybydriftingacrossanelectric
field(seeFIG.1).Inaddition,aCMOS-processedwafercould
alsobebondedwithadifferentsemiconductortooptimizethe
detectionperformances.

However,eventhoughtheconductivityattheinterface
seemspreserved,thisdoesnotguaranteethatchargescan
becollectedefficiently,sincetheystillneedtodriftthrough
thebondinginterface.Forthispurpose,theTransientCur-
rentTechnique(TCT)isusedinthisworktocharacterizethe
trapdensityandelectricfieldatthebondinginterfaceasmod-
elledbyBronuzziet.al.10TCTisacharacterizationtechnique
largelyused11tostudytheimpactofradiationdamageinPN
junctionsandSchottkydiodes.12InTCTthecurrentinduced
bynon-equilibriumchargecarriers,normallygeneratedusing
alaser,istimeresolved.Theshapeofthecurrenttransient
isrelatedtotheshapeoftheelectricfieldinsidethediode

throughRamo’stheorem.13TwodifferentTCTillumination
schemeswereusedinthiswork:oneinwhichchargesare
generatedatthesurfaceofthediodeusinglasersinthevis-
ible(normalTCT14),andanotherwherechargeswereinjected
fromtheedgewithaninfraredlaserbeam(edgeTCTor
e-TCT15).Inbothcases,thecurrentsignalcanbeusedtoget
informationabouttheeffectivedopingconcentrationinthe
siliconbulk,14orthepresenceofinterfacelayerswithtraps.10
Ine-TCT,aspatiallyresolvedprofileoftheelectricfieldcan
beobtainedalongthedepthofthediode.15,16

Inthiswork,amethodtocharacterizethininterfaces(in
thiscasegeneratedbytheCMOScompatiblecovalentbond-
ingprocess)isdescribedindetailthroughtheanalysisofthe
shapeoftheTCTsignal.Inthefirstsection,wewillexplain
thetechnologyusedforthelowtemperaturesiliconbond-
ing.Then,thesecondpartwilldealwiththeintegrationofthe
Schottkydiodes.Finally,thelastsectionwillpresenttheTCT
measurementsanddataanalysis.

II.CMOSCOMPATIBLECOVALENTBONDING
Inthissection,bondingofunprocessedwafers,per-

formedbyCEA-LetiinGrenoble,willbedescribed.Six-
teenhighlyresistive(HR)P-typedopedCzochralskiwafers
(⇢>5k⌦cm,200mmdiameter)wereused.Asketchofthe
processflowissummarizedinFIG.2.Waferswerefirstoxi-
dizedbasedonawetthermaloxidationprocesstoobtaina
1µmthicksiliconoxidelayer.Afterthisprocess,14wafers
weredividedintotwogroupsdependingontheirrole:top
wafersandbottomwafers,sparing2ofthemthatwerekept

FIG.2.Schemeoftheprocessflowfor
CMOScompatiblewaferbonding.
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Performance of MALTA with BCTs
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 55Fe source scan 
• Peaks fit comparable 
• Distance of the peaks within the gain dispersion of 

MALTA 

 Collection Efficiency 
• Readout issue reduced the efficiency of ALL 

detectors to ~70% 
• Comparable efficiency for the different ROIs

55Fe source scan test beam

PRELIMINARY
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Micro-oscillating heat pipes
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EVAPORATiONCONDENSATiON

ATLAS ITk OB layer demonstrator

Studies with ATLAS ITk OB specifications to evaluate the thermal 
performance and reworkability of a cooling block based on µ-OHP in a stave 
configuration.

primary cooling line

µ-OHP embedded in 
pixel module
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Pressure Resistance
• Standard samples used for the QA/QC of the 

LHCb and NA62 cooling plates as well as for the 
investigation of new fabrication techniques 
(bonded wafers, buried channels, 3D-printed 
devices in plastics, ceramics,…).
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FRACTURE OF BONDED WAFERS DELAMINATION OF BONDED WAFERS

BURIED CHANNELS

FRACTURE DEFORMATION
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summary
• The NA62 experiment has pioneered the use of silicon 

microchannel cooling plates with liquid C6F14 for the thermal 
management of the GTK pixel detectors. 

• The LHCb experiment will pioneer the use of evaporative CO2 
in silicon microchannels for the LS2 Upgrade of the VELO. 

• Current developments are aiming at eliminating connectors 
with stand-alone microfluidic circuits such as heat pipes 
and embedding the microchannels into monolithic pixel 
detectors with CMOS-compatible microfabrication 
processes.
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