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Outline

Micro Channel Cooling on all-silicon ladders

• Motivation: The DEPFET Ladder and cooling strategies 

• MCC concept and prototypes 

Experimental test

• Experimental setup 

• 3D-printed inlet/outlet connector 

Thermo-mechanical measurements and results

• MCC and MCC+air thermal measurements 

• Vibrations and deformations 

Next steps and conclusions
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The DEPFET Ladder
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Switcher
Row control

DHP (Data Handling Processor)

DCD (Drain Current Digitizer)
Analog frontend

Thinned sensor

PXD
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The DEPFET Ladder
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Switcher
Row control

DHP (Data Handling Processor)

DCD (Drain Current Digitizer)
Analog frontend

The end of the module is where 
most part of the heat is 
generated (front end electronics)
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The DEPFET Ladder: applications
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New tracker detectors require ultra-thin sensors to reduce multiple scattering:     
–  e.g. DEpleted P-channel Field Effect Transistor (DEPFET)              

–  Chosen technology for Belle II PXD              

–  Candidate for ILC              

–  The thinning technique is not bound to any particular sensor technology      

Layout designed with the highest power dissipating elements in the end flanges 

All-silicon modules allow for sensors integrated on a self supporting silicon structure
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Cooling strategies
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Massive structures 
outside the acceptance 
to cool down the 
readout chips

Belle II

PXD Cooling and support 
structure

 Stainless steel
 Fast sintering
 Coolant: CO2
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Cooling strategies

7

This amount of material 
is not permitted for the 
ILC detector 

PXD Cooling and support 
structure

 Stainless steel
 Fast sintering
 Coolant: CO2

Natural solution: integrated 
micro-channels instead of 
massive cooling blocks

ILC
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Micro channels on all-Silicon dummies
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Start with oxidized handle wafer 
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Micro channels on all-Silicon dummies
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Start with oxidized handle wafer 

Define lithographically µ-channels, etch oxide
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Micro channels on all-Silicon dummies
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Start with oxidized handle wafer 

Define lithographically µ-channels, etch oxide

Etch micro-channels
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Micro channels on all-Silicon dummies
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Start with oxidized handle wafer 

Define lithographically µ-channels, etch oxide

Etch micro-channels

Bond prepared top wafer 
Finish SOI wafer (“Cavity SOI”) 
top wafer for DEPFETs 
Handle wafer with µ-channels under ASICs
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Micro channels on all-Silicon dummies
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Start with oxidized handle wafer 

Define lithographically µ-channels, etch oxide

Etch micro-channels

Bond prepared top wafer

Finish SOI wafer (“Cavity SOI”)

top wafer for DEPFETs

Handle wafer with µ-channels under ASICs

Handle removed in sensitive area 
Channels exposed after cutting
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MCC prototype

13

Inlet and outlet: ~350 x 350 µm

6CLICdp Collaboration Meeting 2-3 June 2015 M. A. Villarejo (mavb@ific.uv.es)

Introduction

Silicon ladder with MCC embedded in the sensor

6CLICdp Collaboration Meeting 2-3 June 2015 M. A. Villarejo (mavb@ific.uv.es)

Introduction

Silicon ladder with MCC embedded in the sensor

Micro-channel pattern in 
handle wafer
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Ultra-thin self-supporting Silicon dummies: concept

14

The resistive dummies with integrated micro-channels 
–   Si modules with the designed dimensions of the detectors        

–   Homogeneous thickness (thinned sensor area not needed)        

–   Modules do not include the real electronics        

–  Aluminum layer with resistor meanders on thin top wafer -> simulate the power distribution        

Experimental!setup!

3P7!February!CLIC!Workshop!
CERN!! I.García!IFIC!Valencia! 9!

Table 1: working parameters for the resistive ladder

Element R (Ω) R����� (Ω) V (V ) I (�A) P (W )
Sensor 900 150 8.66 58 0.5

DCD 175 175 37.42 214 8
Switcher 250 41.6 4.56 110 0.5

2 The PXD mockup in the lab
A mockup of the PXD was built from scratch for the measurements at IFIC. A hollow aluminum beam
pipe was cut and fitted with Al rings as support for the CBs. The beam pipe has pipe fittings at
both ends so that coolant can be circulated along its length to control its temperature. This system
was fitted on a vertical support as seen in fig. 6.

Ladders are placed by screwing their lateral ends to the CB surface and adding thermal paste
to ensure good thermal contact between the ladder and the CB surface. The Cu samples measure
110 �� × 15 �� × 0�34 �� for the inner and 135 �� × 15 �� × 0�34 �� for the outer layer.
The resistive ladder provided by the DEPFET collaboration consists of an 135 �� Si module with
the designed dimensions of the detectors. The actual design is longer, and the outer layer ladder
dimensions used correspond to an inner layer. The resistive ladder includes the thinned 75 µ� sensor
area. This module does not include the real electronics and but is a resistive dummy with impressed
coiling tracks adjusted to simulate the power distribution in the functioning ladder. This can be seen
in fig. 7. Each half ladder is wired separately, and each of these contains 6 sensor resistors installed
in parallel (900 Ω each, 150 Ω at the wiring pads), 6 switcher resistors also in parallel (250 Ω each,
41�6 Ω at the wiring pads) and a single DCD-DHP module resistor (175 Ω). The nominal power
output for the working sensor is listed in table 1, which set the resistive ladder working parameters.
A schematic of a half ladder can be seen in fig. 8. Pad wiring is done via conductive silver lacquer
paint, then connected to a power supply. Dry lacquer is considerably fragile, so wiring of the ladder
must be done in situ, with considerable added difficulty. Bondable thin printed circuit boards (PCB)
are being specifically designed to circumvent this problem.

Mockup examples with ladders can be seen in figures 9(a) and (b). For the measurements 6
PT100 sensors distributed along the setup and a thermal imaging infrared camera (FLIR ThermaCAM
SC 3000) were used. Adhering sensors to the Si ladder is impossible because it would cause short
circuits in the resistors and due to the small thinness of the silicon wafer, placement of a probe would
compromise the structural integrity. Knowledge of the emissivities of the surface of the sensor and
reference emissivity materials to be placed at different points is of absolute necessity when working
with the thermal camera. These were measured by calibrating samples from -20◦C to 95◦C with the
thermal camera, as detailed in appendix A.1. Tipp-ex marks are used to crosscheck results of the
PT100 sensors and the thermal images.

The whole mockup is enclosed in a sealed methacrylate box to isolate external thermal radiation
and reduce humidity, since fogging and frosting of the surfaces greatly complicates thermal imaging
analysis and may cause short circuits in the ladder. Drying the box is done by injecting dry air,
and the setup reaches a minimum of 6% relative humidity after several hours of dry air injection.
The beam pipe is cooled down to 15◦C with a chiller (Huber Unichiller). Piping from outside of the
box, where control of cooling parameters is available, runs through the box wall and connects at the
CB inlets. For the CO2 circuit 6 �� steel piping is installed, while for the gaseous N2 injection
6 − 8 �� silicone tubing is installed.
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•  The.resisAve.ladder.
–  A!135!mm!Si!module!with!the!designed!dimensions!of!the!detectors!
–  The!sensor!area!is!thinned!to!75.µm.
–  This!module!does!not.include.the!real.electronics.
–  But!is!a!resisYve!dummy!with!impressed!cooling!tracks!P>!simulate.the.power.distribuAon.
.

.
•  Working.parameters.

Figure 7: Resistive ladders with close-up detail of a DCD resistor.

Figure 8: Resistance values for the various elements in the resistive ladder.
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DCD!resistor!

Half-Ladder for the inner vertex detector

I.Garcia16th International Workshop on DEPFET detectors and applications
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Experimental setup
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High purity filter

Thermometer

Flow meter

Thermometer Fluid storage

Digital pump

Test setup

1
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3
45

6

7



Forum on Tracking Detector Mechanics 2015, 15-17 June Nikhef-Amsterdam

Experimental setup
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Experimental setup

Digital pump
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Experimental setup

shock absorber
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Experimental setup

High purity filter
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Experimental setup

Flowmeter
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Experimental setup

Thermometers
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Experimental setup

Air cooling

MCC Si module
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Experimental setup
Interferometer

50kHz
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Experimental setup

Infrared LASER
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Experimental setup

H2O storage
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3D-printed adaptor

26

Design to join the high pressure commercial 
Swagelok elements to the 350x350 μm holes 
of the Silicon module 

Built by 3D-printer (stereolithography technology) 
- 15 μm precision 
- 300 μm per layer
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Alignment

27

20CLICdp Collaboration Meeting 2-3 June 2015 M. A. Villarejo (mavb@ific.uv.es)

Test setup

- Self-aligning
- Sealed with glue
- Success rate 3/3
- Adaptor from high pressure commercial 
elements to MCC Si-detector application

X-ray image

1) Self aligning: 3D adaptor fits accurately

2) Sealed with glue

3) Success rate 3/3
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Experiment conditions

• For all-Silicon resistive dummies operating above 0°C mono-phase fluid 
is chosen (H2O) 

• Possibility of use CO2 at high pressure but not necessary at the 
power densities we have to manage 

• Controlled environment to quantify cooling performance. Room 
temperature stable at 25°C 

• Operated non-stop for a week with no leaks, no clogging

28
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Thermal measurements: MCC
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• Low cost mono-phase fluid: H2O 

• Low volumetric flows (~1l/h) and low 
pressure (<1bar) are enough to 
dissipate the heat in the front end

• Good agreement with the FE simulation 
inside an error area of 10%

6W

Measurement data errors
➡ P ±1% W 
➡ T ± 1 ºC 
➡ ΔT/P ± 0,15 ºC/W 
➡ flow ± 0,03 l/h

H2O

Front end HOTTEST POINT
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Thermal measurements: MCC

30

Volumetric flow [l/h]
0.2 0.4 0.6 0.8 1 1.2 1.4

C
/W

]
o

T/
P 

[
∆

0

1

2

3

4

5

6

7  10%±O 2FE Simulation H

O2Data H

FE Simulation PWG6040

Volumetric flow [l/h]
0.2 0.4 0.6 0.8 1 1.2 1.4

C
/W

]
o

T/
P 

[
∆

0

1

2

3

4

5

6

7
O2FE Simulation H

FE Simulation PWG6040

• Low cost mono-phase fluid: H2O 

• Additional coolant simulated (PWG6040)             
(60% glycol + 40 % H2O)

6W

Measurement data errors
➡ P ±1% W 
➡ T ± 1 ºC 
➡ ΔT/P ± 0,15 ºC/W 
➡ flow ± 0,03 l/h

H2O

Front end HOTTEST POINT

FE simulation with other fluids in progress 
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Thermal measurements: Maximum Power vs Volumetric flow
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Maximum power supported for a ΔT of 10 ºC as a function of the volumetric flow 

• Temperature stable even with 25 W/cm2 

• Power vs vol. flow at max. pump power (~ 3 l/h) 
• Low pressure needed: 0.2 - 1.5 bar
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Thermal measurements: MCC+air
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• There is not big difference 
between MCC and MCC+air 
at the DCD hottest point 

• Farthest regions to the air 
inlet are less affected 

• Even with low volumetric 
water flow, high cooling

• 93% of total heat removed by 
MCC
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6W Air 
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Front end HOTTEST POINT

Cooling strategy: micro-channels running under the 
front end and gentle air flow on the sensor part
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Thermal measurements: MCC + air
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6W

Air 
0.5 m/sH2O SENSOR 
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• Big difference between MCC 
and MCC+air at the sensor 
area hottest point 

• Nearest regions to air input 
are efficiently cooled even 
with low air flow 

• MCC has less impact in away 
points as expected and great 
cooling locally

Cooling strategy: micro-channels running under the 
front end and gentle air flow on the sensor part
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Vibrations and deformations

34

Free

Clamped

Air H2O

Clamped-free (CF) configuration: One extreme of the dummy is clamped to 
the 3D adaptor while the other is free of movement
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Fluid circulation 50% (1.47 l/h)
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Vibrations and deformations
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No fluid circulation 
and no air flowing

Peak to peak of the 
signal ~0,7 μm 
RMS ~0,3 μm

Air flowing
3 m/s

Peak to peak of the 
signal ~130 μm 
RMS ~57 μm

Fluid circulation 
1,47 l/h

Peak to peak of the 
signal ~0,1 μm 
RMS ~0,4 μm

MCC has no significant impact on mechanical stability in the clamped-free 
configuration but air deformations are more than 100 μm if v=3m/s (could be 
reduced a factor 10 for velocities under ≤0.5m/s)

Time [s]
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Air flow (v=3m/s)
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9.3846
NO fluid circulation

Time [s]
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
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]

9.3344

9.3346

9.3348

9.335

9.3352

9.3354

9.3356

9.3358
Fluid circulation 50% (1.47 l/h)
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Vibrations and deformations
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Time [s]
0 50 100 150 200 250
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Deformations
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MCC of
f

13μm

7μm

• Minor deformations observed in transitions regions  
• Mechanical stability after cycles 
• Maximum deformation ~20 μm



Forum on Tracking Detector Mechanics 2015, 15-17 June Nikhef-Amsterdam

Optimized MCC geometry

37

• More homogenous flow 

• Reduce pressure gradients 

• Minimize and confine the heat 
spread

Recent geometry Optimized geometry
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Towards a low mass interconnection

38
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Built new samples with the optimized geometry

Redesign the 3D-printed adaptor (make it flat, use peek tubes...) 

Simulate and measure new fluids 

Next steps

39

MCC shows very efficient cooling; up to 25 W/cm2 with minimal temperature increase 
(10ºC) even with a mono-phase fluid at low pressure 

Thermal measurements are in good agreement with the FE simulation 

MCC has a minimal impact on the mechanical stability 

The assembly with the 3D-printed adaptor was done successfully in 3/3  

MCC embedded in all-silicon ladders is a real option

Conclusions
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Thank you for your attention

40
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Thermal measurements: cold water

41

Tin ~ 5ºC

Tout ~ 10ºC

 8ºC

8.0
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Thermal measurements: cold water

42

Tin ~ 5ºC

Tout ~ 10ºC

 8ºC

Condensation problems

High humidity in the room ~ 70 %
impossible to power on the aluminum 
resistances (possible short-circuit 
due to the water on the soldering)

8.0



Forum on Tracking Detector Mechanics 2015, 15-17 June Nikhef-Amsterdam

Thermal measurements: cold water

43

Tin ~ 5ºC

Tout ~ 10ºC

 8ºC

MCC region is cooled
18ºC below TRoom

8.0

In this region the effect of the MCC is 
quite less pronounced 5-10 ºC below
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v[m/s]
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p1        0.291± 0.8508 
p2        0.1558± 0.9325 
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Amplitude vs vair

• Peak-to-peak amplitude is the change between peak (highest amplitude value) and trough (lowest 
amplitude value)

• RMS ≃ (PeaktoPeak/2) * 0.707 (approximation)

• For v= 2.5 m/s the amplitude of vibration is:

• ~19 μm for clamped-free configuration

• ~2.8 μm for clamped-clamped configuration

44

Clamped-Free Clamped-Clamped

http://en.wikipedia.org/wiki/Crest_(physics)
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Micro-channel Cooling

45

M.A. Villarejo Bermúdez
6

Towards a realistic design for a forward tracker at the ILC

1 2

3 4

Setup Initial state
Water and 

DEPFET at room 

temperature

Power on
No cooling

5W

Cooling on
0,1l /h 

water at 304.45K

378,35K 312.85K

304.45K

Tests made: 5W and water cooling

2.1 Micro channel cooling: Lab. Expertiments  

LCWS 2014 Belgrade: https://agenda.linearcollider.org/event/6389/session/4/contribution/172/material/slides/0.pdf

As shown first measurements, MCC with a flow of 0.1 l/h offers promising results

https://agenda.linearcollider.org/event/6389/session/4/contribution/172/material/slides/0.pdf
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Micro-channel setup 2.0
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New 3D printed piece 
(with a precision of 15μm) to adapt the swagelok 
standard connexion to the micro-channel inlet/outlet

Different Micro-channels geometries
test: velocity of the fluid, cooling…

X-ray images

For the development of the new setup we have 
AIDA2020 funding


