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Overview & objectives of SMARTEC project (Remind)
Based on previous European projects, monolithic integration of MMIC with RF-MEMS switches has been demonstrated on GaN based substrates. The aim of this type of technology is to develop a new generation of T/R module for radar applications with better integration (size reduction) and higher performances for lower cost production (Figure 1). 
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* X-band T/R module, AIRBUS, 2009


Figure 1 : Size gain for a full integrated T/R module (rigth) compared to hybrid integration (left)

The technical objective of SMARTEC project is to establish a qualified pilot line production for reconfigurable RF modules based on a unique coplanar technology and to qualify them to reach a technological maturity TRL8. This pilot line has to be implemented within clean room facilities of FORTH (Crete). This new generation of T/R module for X-Band will enable to improve the integration of systems for RF needs for high power level. Regarding this RF function, capacitive RF-MEMS switches have been chosen instead of ferrite circulator in order to reconfigure the RF signal between HPA, LNA and the Antenna. This choice has been motivated by the need to make the T/R module more compact (surface and volume) what is quite difficult using a ferrite circulator. Moreover, the RF-MEMS technology, developed at TRT, has shown performances meeting the high power requirements (upper than 20 W)
. 
Within this project the qualified T/R module will be used for the demonstration of new approach of radar systems integration with or without TEC (ThermoElectric Cooling) integration for thermal management.
To summarize, two demonstrators will be implemented within the project for 2 radar applications: 

· Airborne radar for weather and vortex detection. The specifications of this demonstrator are based on THALES needs.

· Marine radar which specifications are based on RFM needs.

This new T/R module will address needs on X-band frequency range (8-12 GHz) for high power handling (upper than 25 W).
Thermal management is also addressed in order to improve the reliability the SMARTEC module for high power handling. For this purpose and for THALES demonstrator, a TEC (Thermoelectric Cooling) will be integrated to cool the T/R module. CIDETE will provide a TEC module adapted to the specifications of SMARTEC module. Packaging/integration of elements is a critical point to optimize as function the chip design and TAIPRO will develop specific solutions for SMARTEC demonstrators. Figure 2 shows the principle of SMARTEC module integration for demonstrators. 
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THALES DEMO
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RFM DEMO
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Schematic representation of SMARTEC’s DEMOS integration in radar system


Figure 2 : Schematic representations of SMARTEC objectives
Regarding the specification, Figure 3 summarizes the needs for each component/function.
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Figure 3 : Technical objectives for SMARTEC project
The aim of this activity report is to summarize the work done within SMARTEC project from T0+13 to T0+29. Regarding the specific context of sanitary crisis (COVID-19) which started on March 2020, some amendments have been performed in order to take into account the impact of COVID-19 on partner activities. Below, it is listed the main impact of sanitary crisis on activities of partners: 
· TRT has been the most impacted by the covid-19 with the closure of clean room facilities during several months, limitation of the number of person at TRT by the mean of teleworking (2020-2021) and/or through the use of partial activity. An increase of lead time from subcontractors (substrates, materials, spare parts …) has been also observed in 2020 & 2021. The main impact on SMARTEC project is the delay on some samples delivery towards partners.
· CIDETE
had a limited impact of COVID-19 on their activities. Only business travels were cancelled between their different sites.

· RFM had also a limited impact of COVID-19 on their activities. RFM had mainly impacted by delays from other partners. Regarding the conference Radar IEEE, this one has been maintained online.

· FORTH had partial activities from March 13th to May 4th (2020), with a limitation of persons working in clean room. After that, FORTH’s activities became normal. 

· TAIPRO was not closed during sanitary crisis. There was just a limitation of activities by the limitation of the number of persons working in clean room. Packaging tests of RF-MEMS between TRT and TAIPRO, initially scheduled on March, have been postponed on September due to the closure of TRT site.

With the agreement of European Commission, an amendment of Gantt chart has been implemented in order to take into account delays on project due to the COVID-19. Figure 4 shows the new Gantt chart validated by EC. The project has been extended by 10 months with an ending at T0+46 (January 2023). As consequence, due dates for deliverables have been updated in order to take into account the project extension and the working progress with covid-19 impact.
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Figure 4 : Gantt chart amended
To remind, WP1 (Project management) and WP2 (SMARTEC Pilot line) have started at T0, WP4 (Marketing & Business development) has started at T0+6. During this last period the WP3 (Prototyping) has started at T0+18.

Below, are summarized the technical activities of each partner within each Work Package during the last period of the project SMARTEC. 

1. WP1: Project Management
The lead beneficiary of this Work Package is TRT. WP1 start at T0 and end at M46
1.1 Objectives (Remind)
Work Package 1 has for general objective the achievement of the project goals within the timeframe and budget constraints and to ensure an optimum valorization of the project results. More specifically, WP1 will:
• Coordinate the collaborative work between the project partners

• Manage administrative, legal, and financial activities

• Liaise with the European Commission

• Monitor the gender issue
1.2 DESCRIPTION OF work and role of partners (Remind)
See technical document attached to the Grant agreement.

1.3 work done between M12 and M28
1.3.1 Thales Research & Technology (TRT)
TRT is involved within SMARTEC as project coordinator. Along this second period of SMARTEC project, several technical meetings have been scheduled by TRT in order to rise up the main technical achievements within the project or to highlight any potential issue able to impact the project advancement. In parallel, several general meetings have been also scheduled by TRT in order to check the work progress within each work package and to share (project coordinator) information coming from EC and related to the project. This type of meeting is also an opportunity for each partner to highlight any issue and to share it with consortium in order to adapt the work progress following the expertise of each partner. 
Following the first review meeting on 2020 October 2nd, the Project Coordinator (PC) has scheduled a specific meeting on 2020 October 29th in order to share with SMARTEC consortium the exchanges with the Project Officer (PO) and especially its recommendations for the rest of project. 

According, the request of PO, an amendment of D1.2 has been performed and delivered with an additional section about project deviations during the first period.
During the second period of SMARTEC project several meetings have been scheduled. Typically, TRT (PC) has scheduled (more and less) one progress meeting per month and the technical meeting have been scheduled as function of the work progress. Regarding these technical meetings, a specific attention has been done for the TEC design/fabrications with CIDETE in order to meet the project needs for THALES. Several technical meetings between TRT and TAIPRO have been also scheduled in order to identify and optimize the solution for MEMS packaging within TR modules. With the start of WP3 (prototyping) at T0+18, two meetings have been already done on demonstrator fabrications with several exchanges on integration specifications (solder of chip on TEC, RF transitions, wire bondings, PCB design …) in order to realize a first version of demonstrator within criteria of SMARTEC project.   Table 1, below, lists all these meeting during last period.
	
	Date
	Location
	Participants
	Remarks

	Technical Meeting #7
	2020, October 20th 
	Online
	TRT & TAIPRO
	On MEMS packaging

	Progress Meeting #4
	2020, October 29th
	Online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	feedback of PC on 1st review meeting

	Progress Meeting #5
	2020, November 5th
	Online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #8
	2020, November 20th 
	Online
	TRT, CIDETE& TAIPRO
	On TEC

	Technical Meeting #9
	2020, December 7th 
	Online
	TRT, CIDETE& TAIPRO
	On TEC

	Technical Meeting #10
	2021, January 11th  
	Online
	TRT, CIDETE& TAIPRO
	On TEC

	Progress Meeting #6
	2021, January 15th
	Online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #11
	2021, January 29th  
	Online
	TRT & TAIPRO
	On MEMS packaging

	Progress Meeting #7
	2021, February 17th 
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	Kick of meeting WP3

	Technical Meeting #12
	2021, March 5th  
	Online
	TRT, CIDETE & TAIPRO
	On TEC

	Technical Meeting #13
	2021, March 29th  
	Online
	TRT & TAIPRO
	On MEMS packaging

	Progress Meeting #8
	2021, March 30th 
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #14
	2021, April 15th  
	Online
	TRT & FORTH
	Implementation of RF MEMS technology within SMARTEC pilot line

	Progress Meeting #9
	2021, April 23rd  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #15
	2021, May 3rd  
	Online
	TRT, CIDETE& TAIPRO
	On TEC

	Progress Meeting #10
	2021, May 25th  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #16
	2021, June 2nd  
	Online
	TRT & TAIPRO
	On MEMS packaging

	Progress Meeting #11
	2021, June 24th  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Progress Meeting #12
	2021, August 5th  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Technical Meeting #17
	2021, August 11th  
	Online
	TRT, CIDETE & TAIPRO
	On TEC

	Progress Meeting #13
	2021, September 8th  
	online
	TRT, CIDETE, FORTH & TAIPRO
	General meeting

	Technical Meeting #18
	2021, September 22nd  
	Online
	TRT & TAIPRO
	On MEMS packaging

	Technical Meeting #19
	2021, October 1st  
	Online
	TRT, RFM, CIDETE & TAIPRO
	On demonstrator

	Technical Meeting #20
	2021, October 7th  
	Online
	TRT, RFM, & TAIPRO
	On demonstrator

	Progress Meeting #14
	2021, October 8th  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting

	Progress Meeting #15
	2021, November 24th  
	online
	TRT, CIDETE, RFM, FORTH & TAIPRO
	General meeting


Table 1 : Progress and technical meetings during last period
Regarding the second period of SMARTEC project and according the new Gantt chart, the deliverables & milestones are expected at T0+29 (January 2022) and are listed below :

· D1.4 : Progress activity report of Y2 (WP1, this document)

· D1.5 : Progress management reports & Y2 cost statements (WP1)
· D2.4 : Report on qualified TEC (WP2)
· MS4 : Review meeting Y2 (WP1)
· MS7 : Pilot Intermediate marketing strategy assessment (WP4)
In WP1, TRT is in charge of deliverable D1.4 & D1.5 and TRT is in charge of the milestone MS4 with the contribution of all partners.
1.3.2  CIDETE INGENIEROS SL (CIDETE)
Preparation and participation to the consortium meetings and technical meetings: See Table 1.
CIDETE has prepared and presented the activities within WP2, WP3 (started in M18) and WP4. CIDETE has contributed to the editing and writing of:
· D1.4: “Progress activity report of Y2” (M29)

· D1.5: “Progress management reports & Y1 Cost statements” (M29).

· D2.4: “Report on qualified TEC”, as lead beneficiary (M29).
· MS4: “Review meeting Y2” (M29).
· MS7 : Pilot Intermediate marketing strategy assessment (M29)
1.3.3 RF Microtech (RFM)
Preparation and participation to the consortium meetings and technical meetings: See Table 1.
RFM has prepared and presented the activities within WP3 (started in M18) and WP4. RFM has contributed to the editing and writing of:
· D1.4: “Progress activity report of Y2” (M29)

· D1.5: “Progress management reports & Y1 Cost statements” (M29).

· MS4: “Review meeting Y2” (M29).

· MS7 : Pilot Intermediate marketing strategy assessment (M29)

1.3.4 FORTH

Preparation and participation to the consortium meetings and technical meetings: See Table 1. FORTH has participated to the amendment of DoW in order to take into account the extension of the project.
FORTH has prepared and presented the activities within WP2 and WP4. FORTH has contributed to the editing and writing of:
· D1.4: “Progress activity report of Y2” (M29)

· D1.5: “Progress management reports & Y1 Cost statements” (M29).

· D2.4: “Report on qualified TEC”, as responsible of WP2 (M29).
· MS4: “Review meeting Y2” (M29).

· MS7 : Pilot Intermediate marketing strategy assessment (M29)

1.3.5 TAIPRO

Preparation and participation to the consortium meetings and technical meetings: see Table 1.
TAIPRO has prepared and presented the activities within WP2, WP3 and WP4. TAIPRO has contributed to the editing and writing of:
· D1.4: “Progress activity report of Y2” (M29)

· D1.5: “Progress management reports & Y1 Cost statements” (M29).

· D2.4: “Report on qualified TEC” (M29).
· MS4: “Review meeting Y2” (M29).

· MS7 : Pilot Intermediate marketing strategy assessment (M29)

2. WP2: SMARTEC Pilot Line

The lead beneficiary of this Work Package is FORTH. WP2 start at T0 and end at M39.
2.1 Objectives (Remind)
The purpose of this WP is to establish the pilot line of the project based on the fact that all the key technological processes are established and have been demonstrated at TRL6. Towards this, the following actions will be taken:

• Based on the end users requirements, the production infrastructure of FORTH will be streamlined and upgraded to increase throughput; its ISO 9001 will be reassessed; its cleanroom monitoring platform will be adjusted to the pilot line needs.

• Fabrication protocols will be tuned to attain targeted yield of 80% and maximum allowable deviations (Figure 3). TRT will qualify the FORTH fabricated RF MEMS to meet targeted yield of 80% and maximum allowable deviations (Figure 3). The SMARTEC chipset prototype will be qualified to meet targeted yield of 80% and maximum allowable deviations.
2.2 DESCRIPTION OF work and role of partners

See technical document attached to the Grant agreement.

2.3 work done between M12 and M28
2.3.1 Thales Research & Technology (TRT)

2.3.1.1 First run fabrication of RF-MEMS functions using SMARTEC pilot line layout
During the first period of SMARTEC project, TRT and FORTH have defined a process flow and a layout for the first run fabrication of T/R module using RF-MEMS switches on GaN based substrates (Figure 5). 

Fabrications have been initiated at TRT and FORTH in order to check/valid the process flow implemented. For this purpose, dummy fabrications have been performed on 3-inch high resistive silicon substrates with 2 µm thick thermal SiO2. From these fabrications, RF-MEMS devices are used as test devices for validation of the successive of lithography steps (alignments), the process flow sequence and to identify any potential mistake on layer arrangements. The fabrication at TRT will be used as reference fabrication for RF-MEMS performances and will be compared with RF-MEMS functions fabrication using FORTH clean room facilities (SMARTEC pilot line).

Figure 6 shows an overview of the fabrication performed at TRT on 3-inch HR silicon substrate with 2 µm thick thermal silicon dioxide. As already mentioned, this fabrication has involved mainly the technology steps for passives, metallization for RF lines. The technological steps (with e-beam lithography) were not performed. From this fabrication several validation have been performed such as alignment marks or the sequence between each technological step. According this first dummy fabrication on silicon, we didn’t observed any mistake on process flow definition. 
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Process flow for SMARTEC pilot line
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Layout for the first run fabrication of T/R module on GaN based substrates (3 inches)
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Reticle with test structures
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Reticle with test structure and CPW T/R module


Figure 5 : Process flow and layout implemented for the SMARTEC pilot line.
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Figure 6 : Overview of the dummy fabrication on Si/SiO2 of T/R modules using RF MEMS technology at TRT

Within this fabrication several test devices have been fabricated in order to check the design of RF lines or materials used for passives functions. All passives such as RF-MEMS function or capacitors can be assess. For example, Figure 7 shows an optical microscope picture of the wide band SPDT RF MEMS switch based on serial and shunt capacitive RF-MEMS switches and Figure 8 shows the version of X-band SPDT RF-MEMS switch dedicated to signal routing (in T/R module) between the HPA and the LNA. As it can be observed on this picture, this X-band SPDT is connected to both HPA and LNA. This picture illustrates the feasibility for the monolithic integration of RF MEMS technology with MMIC technology.
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Figure 7 : CPW Wide Band (C-X) SPDT RF-MEMS
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Figure 8 : X-Band CPW SPDT MEMS-RF linked with CPW HPA & LNA
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Figure 9 : Test structures RF-MEMS switches for power handling assessment as function of the length of MEMS membranes 

For SMARTEC pilot line, a specific test cell (Figure 9) has been defined in order to assess the power handling on RF-MEMS switch as function of the technology. In this test cell, several type of MEMS with different length of membrane have been designed. The aim is to identify the suitable dimension on RF-MEMS membrane as function of the technology implemented (air gap, metallization …) in order to achieve a power handling on RF-MEMS, at least, of 25 W by adjusting the pull-in voltage of MEMS. Indeed, the power handling for MEMS is given by (Vpull-in)²/Z0 where Z0 is the characteristic impedance of device (50).
The pull-in voltage is function of the membrane stiffness and of the air gap. This parameter is given by Equation 1, with K the membrane stiffness, g0 the air-gap, A the capacitance surface and 0 the relative permittivity. Without changing the air-gap or the membrane metallization, the stiffness of membrane can be increased by reducing the dimensions of membrane (here, the length).

	Equation 1 :
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By adjusting the MEMS membrane length, higher power handling can be achieve, without changing RF performances of device. For example, Figure 10 shows S-parameters measurement (between 1 and 20 GHz) on RF-MEMS switches with different lengths of membrane (between 280 and 440 µ), using a network analyzer. In Figure 10b, the insertion losses remains homogenous (about 0.25 dB at 10 GHz) whatever the length of the membrane. In the same way, isolations are homogeneous (Figure 10d) whatever the length of membrane (about 13 dB at 10 GHz). Figure 10a and Figure 10c represent the return losses of RF-MEMS switches, respectively, on up-state and down-state.
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Figure 10 : S-parameters measurement on several RF-MEMS switches with different length of membrane
In contrast, the pull-in voltage is impacted by the length of the membrane as shown in Figure 11. Indeed, shorter membranes (280 µm) have a pull-in voltage higher than larger membranes (440 µm). The pull-in voltage varies from 40 V for 280µm length membrane to 20 V for 440 µm length membranes.

Without changing the technology, the power handling of RF-MEMS can be adjusted by changing the MEMS membrane length. This approach will be implemented by FORTH within SMARTEC pilot line to optimize the RF-MEMS power handling according their materials for MEMS membrane.
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Figure 11 : Pull-in voltage of MEMS switches as function of the length of membranes

Preliminary characterization have been initiated on SPDT RF-MEMS switches. Figure 12 shows an example of S-parameters measurement on wide band SPDT RF-MEMS. Between 4 – 10 GHz, insertion losses are lower than 1 dB on the branch in transmission mode and the isolation is higher than 25 dB on the branch in isolated mode. Further characterization will be performed in order to assess the RF performances and power handling on X-band SPDT RF-MEMS switches.
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Figure 12 : S-Parameters of wide band SPDT RF-MEMS
2.3.1.2 Packaging assessment on RF-MEMS switches 
During the first period of SMARTEC project, studies have been initiated with TAIPRO in order to assess the RF-MEMS packaging. For packaging, TAIPRO can implement a pick and place technique where protective caps can be positioning and glued above RF-MEMS switches automatically. Three type of glue, usually used by TAIPRO for microelectronic components glued on PCB, have been assessed. The references of these glues are reported on Table 2 with their curing mode and Figure 13 shows capacitive RF-MEMS switches packaged with these three glues.
	Glue reference
	Curing

	IQ-BOND 8427 UV
	UV

	IQ-BOND 2432
	90 min at 150°C

	IQ-BOND 2402
	30 min at 125°C 


Table 2 : Identified glues (and their curing mode) for RF-MEMS packaging
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Figure 13 : Capacitive RF-MEMS switches after the first trial run of packaging tests
Observations, using an optical microscope, have shown that using these glues and the standard process of TAIPRO are not compatible for MEMS-RF packaging. This first trial run of packaging has failed with no one device working after tests. Figure 15 shows examples of observation done using an optical microscope for each type of glue. The first observation is that the dispensing of glue has to be improved in order to limit the glue quantity and avoid to spread out glue on sensitive part of the component with the risk to glue the moving metallic membrane. The second observation, mainly for IQ-BOND 2432 and IQ-BOND 2402, is the affinity of these glues with device metallization (gold). Indeed, we can observe, despite of a small point of contact, a contamination of metallization with glue creeping towards the sensitive parts of MEMS devices.
Regarding to the reference IQ-BOND 8427, this observation has not been done. Excepted a too larger dispense of glue quantity, even on metallization, the glue seems to not contaminate the metallization and avoiding a glue creeping towards the MEMS membrane. These conclusion have been done by the comparison of optical observations before (Figure 14) and after packaging. One main characteristic is the color of dielectric over the bottom electrode (below the MEMS membrane). Before packaging, the characteristic color of this part is blue and we can observe, using for packaging of IQ-BOND 2432 and IQ-BOND 2402, the color has changed to the yellow which reflects a contamination of devices using these glues. However, using IQ-BOND 8427, the color remains blue showing that there is not creeping/contamination of this glue on devices.
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Figure 14 : Optical microscope picture of RF-MEMS switch before packaging
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Figure 15 : Optical microscope pictures of capacitive RF-MEMS switches after 1st trial run of packaging
According to the results of this first trial run of packaging, a second trial run of packaging have been performed. For this second trial run and following TAIPRO recommendation, two new glues have been tested. One of these glues is the same composition than IQ-BOND 8427 with higher viscosity and the second is RTV 162 with a curing at room temperature. Different packaging procedure have been implemented in order to check which one is the most suitable. One procedure consists of applying the glue at each location of devices then to position the cap above devices and finally the cure is applied at the end at each location. The second procedure consists of dispensing the glue, to position caps and to cure the glue after each device Table 3 summarizes the second trial run of packaging and the designation of each test (group1 ,2 & 3). For these tests, a second run of fabrication of capacitive RF-MEMS switches has been implemented at TRT on 3-inch High Resistive silicon substrate (with 2 µm thick thermal oxide). Figure 16 presents this fabrication before the second trial run of packaging and Figure 17 their C-V characteristics giving a pull-in voltage about 20V and a capacitance (in down-state) about 7.5 pF.
	Glue reference
	Test 1
	Test 2
	Test 3

	Glue
	IQ-BOND 7294
	IQ-BOND 7294
	RTV 162

	Curing
	UV
	UV
	RT

	Packaging procedure
	· Glue at each location

· Caps on all devices

· Curing at each location
	Glue, caps & curing at each location
	· Glue at each location

· Caps on all devices

· Curing at room temperature

	Designation
	Group 1
	Group 2
	Group 3


Table 3 : Experimentation for the second trial run of packaging
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Figure 16 : Second fabrication run of capacitive RF-switches on silicon substrate for RF-MEMS packaging
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Figure 17 : C-V characteristics of capacitive RF-MEMS before packaging tests
For these tests, the substrate has been cleaved in 4 parts and one ¼ of substrate has been dedicated to these tests. Figure 18 shows an optical picture of MEMS devices after their packaging at TAIPRO. Each group designation represents one type of glue and one procedure of packaging. 
Like for the first trial run of packaging, several optical microscope observations have been performed and Figure 19 presents some examples of these observations per type of group. On group 1 some devices have been damaged by the packaging procedure where the glue has crept on devices. On group 2 and 3, all devices seem to not be impacted by the packaging procedures.
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Figure 18 : Picture of capacitive RF-MEMS switches after packaging and the designation of each group of test 
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Figure 19 : Optical microscope pictures performed on MEMS switches from each group

To assess these packaging tests, the C-V characterization has been performed after packaging and compared to the C-V characteristics before packaging. Figure 20 shows the C-V characteristics performed on RF-MEMS switches from each group and Table 4 summarizes the main results observed.
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Group 3


Figure 20 : C-V characteristics performed on RF-MEMS switches on each group after packaging tests
	
	Group 1
	Group 2
	Group 3

	Number of devices packaged
	21
	8
	23

	Devices still operating
	14
	8
	17

	Failure types
	7 MEMS with membranes stuck
	No failure observed
	· One MEMS not actuated
· 3 MEMS destroyed during test

· 2 MEMS stuck

	Average pull-in voltage
	15 V
	18 V
	20 V

	Average capacitance in dwon-state
	6-8 pF
	9 pF
	11 pF


Table 4 : Main results observed for each group
The Group 1 presents the lower yield on RF-MEMS packaging with 67 %. The main failure observed for this group is the MEMS membranes stuck in down-state on 7 devices and confirming the optical microscope observations. The actuation voltage measured is lower than before packaging and there is a dispersion on capacitance measurement for the MEMS membrane in down state.
The group 2 presents the better yield with 100% of devices operating after packaging. The pull in voltage is close to the pull in voltage measured before packaging and the capacitances measured are of the same order of magnitude than before packaging. 

The group 3 presents a yield about 74%. From this group, 2 devices were stuck by the packaging procedure and one devices was not switched. We observed also the destruction of 3 devices during their measurement. Regarding performances on operating devices after packaging, the pull-in voltage is about 20 V, similar than before packaging. The capacitances measured in down-state seem to be higher than before packaging, about 11 pF instead of 7.5 pF.

Regarding these results, it has been decided to confirm (statically) observations by packaging a larger quantity of devices. This third trial run of packaging have reproduced the packaging conditions on group 2 (IQ-BOND 7294) and 3 (RTV 162) on about 100 devices. Figure 21 shows the 2 quarters of substrates with packaged devices at TAIPRO, respectively, using IQ-BOND 7294 and RTV 162.
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Figure 21 : 3rd trial run of packaging using IQ-BOND 7294 (left) and RTV 162 (right) on larger quantity of devices
All packaged devices from these 2 quarters of substrate have been characterized (C-V) at TRT in order to assess these two methods of packaging (statically). Figure 22 presents the C-V characteristics of both packaging procedure using, respectively, IQ-BOND 7294 and RTV 162 and Table 5 summarizes these results. 
Regarding IQ-BOND 7294, there is a dispersion on pull in voltage between 14 and 23 V and there is also a dispersion on capacitances when the MEMS devices are in down-state, between 6 and 12 pF. The yield for this approach is about 75% and the devices not functional after packaging are defined by their membranes stuck.
Using RTV 162, there is a dispersion on pull in voltage between 16 and 28 V. The capacitances of MEMS devices, in down states, seem more homogenous with a value between 9 and 11 pF. The yield is about 80% where the not functional devices are defined by MEMS membranes stuck (8 devices) and MEMS switches destroyed during measurement (7 devices). The destruction of MEMS devices during measurement using RTV glue could be explained by the dielectric strength of RTV glue about 18 kV/mm, perhaps not enough insulating for the applied voltages. Indeed, we guess that some glue has crept between the positive and negative electrodes generating a short circuit under applied voltage about 20 V.
	[image: image39.png]\!
| 7;.;4

LAS SN

MR

N
- R W W—

R — e ——y

WL AL
L\

20 25 30 35 40
Voltage [V]

15

10




IQ-BOND 7294
	[image: image40.png]Voltage [V]





RTV 162


Figure 22 : C-V characteristics on RF-MEMS devices packaged the third trial run using IQ-BOND 7294 (left) and RTV 162 (right)
	
	IQ-BOND 7294
	RTV 162

	Number of devices packaged
	104
	78

	Devices still operating
	78
	62

	Failure types
	· 26 MEMS membranes stuck
	· 8 MEMS membrane stuck

· 7 MEMS destroyed during measurement

	Average pull-in voltage
	20 V
	20 V

	Average capacitance in down-state
	6-12 pF
	9-10 pF


Table 5 : Main results observed on packaging tests for statistic approach
In comparison with the second trial run of MEMS packaging, this third run has been applied using an automatic pick and place packaging whereas the second run has been performed manually. 
A fourth trial run of packaging has been implemented in order to assess the automatic and manually packaging procedure. The aim is to determine which is most suitable to improve the yield and limit the impact on RF-MEMS performances. For this new test, the RTV 162 has not been selected due its dielectric characteristics. The IQ-BOND 7294 has been chosen to compare the manual and automatic approaches for packaging, statically. For this purpose, a new fabrication of capacitive RF-switches has been performed on 3-inch silicon substrate and new Pyrex caps have been fabricated (Figure 23). Capacitive MEMS switches have been characterized (C-V) before packaging tests. We measured a pull-in voltage between 25 and 40 V for a capacitance of about 3 pF. The substrate has been cleaved in 4 parts and 2 ¼ of substrate have been shipped to TAIPRO for these new packaging tests.
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Figure 23 : New run fabrication of RF-MEMS switches on silicon substrate (left) and new Pyrex caps (right) for packaging tests
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Figure 24 : C-V characteristics on RF-MEMS devices before packaging tests (4th trial run)
Figure 25 shows the two quarters of substrate after MEMS devices after packaging at TAIPRO using the automatic pick and place procedure or the manual “pick and place” procedure. All devices from these 2 samples have been characterized by C-V and Figure 26 presents these measurement (capacitance as function of the applied voltage). Table 6 summarizes measurements. 
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Figure 25 : Overview of the 2 quarters of substrates with packaged switches using automatic procedure (left) and manual procedure (rigth)
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Figure 26 : C-V measurement of switches after automatic packaging (left) and manual packaging (right), using IQ-BOND 7294.
	
	Automatic procedure
	Manual procedure

	Number of devices packaged
	108
	117

	Devices still operating
	78
	46

	Failure types
	· 30 MEMS membranes stuck
	· 60 MEMS membrane stuck

· 11 with no switching observed

	Average pull-in voltage
	27-37 V
	23-39 V

	Average capacitance in down-state
	1-2.2 pF
	1.5-3 pF


Table 6 : Comparison of automatic and manual packaging
Regarding automatic pick and place packaging 108 devices have been packaged and after test, 78 devices are still operating by showing a state change as function of applied voltage (yield of 72 %). The dispersion on applied voltage remains similar than observed before packaging. However, the dispersion on capacitances (MEMS in down state) is quite important, between 1 and 2.2 pF.

In comparison, the manual packaging shows a yield much weaker with 46 devices operating over 117, after test. The main failures observed on this test are MEMS membranes stuck (60) and devices with no switching behavior regardless the applied voltage (11). The dispersion on pull in voltage is similar than the dispersion on pull in voltage, before packaging. The dispersion on capacitances are similar than the one observed using automatic procedure.
As expected, the automatic approach for packaging presents a better yield due to a higher mastering glue dispense and cap positioning. However, a dispersion on capacitances has been observed which impact the RF-performances of capacitive RF-MEMS switches. This dispersion can be explained by a glue creeping during packaging procedure and not observable using an optical microscope.

For all these tests, the different glues have been applied on SiO2 in order to package devices. An additional study has been initiated in order to check the impact of the interface layer on glue behavior. The purpose is to add a passivation layer as Al2O3 on top of SiO2 before RF-MEMS fabrication and to analyse the creeping effect of glue on this material and compare it to the creeping effect on SiO2 (wettability of glues as function materials). Moreover, TRT has already demonstrated, by the past, the packaging of RF-MEMS by “pick and place” of Pyrex caps on Al2O3 substrates using H70E-4 glue.
For this new trial run, two new fabrications of RF MEMS switches have been performed on Si/SiO2 substrates (3 inches) including one with a first Al2O3 passivation by ALD (100 nm) before MEMS fabrication.

For this new trail run, several packaging will be assessed in order to check the behavior of glue on different materials (SiO2 and Al2O3) and also to test new glues for the MEMS packaging which are H70E-4 (already tested at TRT), DOW SE 1700 (with a high viscosity about 542000cPs) and IQ-BOND 4542-X3 (Table 7).
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Figure 27 :  Fabrications of RF MEMS switches on Si/SiO2 substrates. A standard fabrication (left) and a fabrication with first an Al2O3 passivation (right)
	
	IQ-BOND 7294
	H70E-4
	DOW SE 1700
	IQ-BOND 4542-X3

	Curing
	UV
	80°C during 1h30 min
	150 °C during 30 min
	120 °C during 2h

	Tests planned on quarters of substrates
	· 50 devices on Si/SiO2
· 50 devices on Si/SiO2/Al2O3
	· 50 devices on Si/SiO2
· 50 devices on Si/SiO2/Al2O3
	· 50 devices on Si/SiO2
· 50 devices on Si/SiO2/Al2O3
	· 50 devices on Si/SiO2
· 50 devices on Si/SiO2/Al2O3


Table 7 : Packaging tests planed for the next period of the project in order to improve the RF-MEMS packaging
2.3.1.3 Assessment of the integration T/R module on TEC on RF-MEMS switches behavior
Regarding T/R module integration on TEC, a study has been implemented in order to check the impact of this step on RF-MEMS behavior. Regarding TAIPRO capabilities, 2 types of T/R module integration on TEC are considered. One is based on soldering technique and the other using conductive glue. Table 8 presents the characteristics of these two techniques. 
	
	Sn42/B157/Ag0.4
	H20E

	Technique
	soldering
	Conductive glue

	Curing
	138 °C during 210 s

165 s during 240 s
	150°C during 30 min


Table 8 : Characteristics of both techniques for T/R integration on TEC
Thermal studies have been performed on RF-MEMS switches fabricated for high power handling. The purpose of this study is to check the impact of the T/R module integration (on TEC) on MEMS behavior. Figure 28 shows I-V characteristics of RF MEMS switches as function of different thermal annealing applied. Blue curves represent I-V characteristics of switches before thermal annealing tests and red curves present the I-V characteristics of devices after thermal annealing tests. Three thermal annealing have been tested on RF-MEMS switches: 130°C during 30min, 160 °C during 30 min, 200°C during 5 min and 250 °c during 30 min. The main observation, after annealing tests, is a decrease of pull-in voltage as function of the thermal budget applied. Higher is the thermal budget applied and higher is the shift of the pull-in voltage towards lower values (about 30V for 250°C during 30 min). Despite of this decrease of pull in voltage, devices remain operating and the pull in voltage remains above 40 V, under conditions similar to the integration process. For example, a pull-in voltage of 40V on MEMS-RF corresponds to a power handling about 32 W. 
Regarding these results, the RF-MEMS behavior should not be impacted much by the integration step of T/R module on TEC. If needed, the air gap on MEMS could be adapted in order to take into account the shift on pull-in voltage resulting from integration conditions.
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Figure 28 : Measurement I-V on RF-MEMS switches before (blue curves) and after different curing conditions (red curves).
2.3.1.4 Optimization of TEC design for RF power needs
2.3.2 CIDETE INGENIEROS SL (CIDETE)

2.3.2.1 Design and measurement of TEC
For the first year the development of a Peltiermodule capable to remove the heat from a small heat source in the range of 10W has been reported. In the second year measurements have been performed and lead to the improvement and optimisation of the Peltiermodule, which is reported here.

Tests with an external heater have been performed with the first design module in a reconstructed measurement equipment “TEGeta“. A ceramic heater with the dimensions of 7mm x 3mm (very similar dimensions as the real application) has been placed on top of the heatspreader made of Cu. The Cu was placed to the cold side of the Peltier module and fixed with a stick by pressing against an abutment onto a heatsink, such that the heat of the Peltier module could be removed. The temperature and the electrical power of both, the heater and the Peltier module has been measured. 
	
[image: image54]
	
[image: image55]


Figure 29 : Measurement arrangement (left) for the Peltier module (right) that is mounted between a heatsink and a heater with heat spreader.
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Figure 30: Measurement result of arrangement from Fig1. With 6W heating power a COP of 2,5 with a delta T of almost 0K is achieved.
The power of the heater (green) has successively been increased to 10W and the Peltier power (yellow) has been adjusted to maintain a temperature difference close to 0K, meaning the heater temperature was close to the cold temperature. The COP has been estimated with the electrical power of heater and Peltier module, assuming that all heat from the heater is pumped by the Peltier module to the heat sink, when the system is carefully insulated.

With 6W at the heater the measurement shows a COP of 2,5 with a delta T of almost 0K.

After the promising results with the first prototype of the TEG CID175B-2 the consortium decided to optimize the module regarding power density and current. The electrical current should be limited for optimization, also to achieve a smaller diameter of the wiring. The COP should have a value of 2,5 with 10W heating power. 

Calculations and simulations with different designs have been done and lead to a module TEG CID175B-4 with increased number of legs as 150 legs distributed in 10 x 15 legs. This leads to a lower max. current and higher max. voltage. The overall max. cooling power increased to 31,7W at 25°C and 35,3 W at 50°C. (Remark: The max. cooling power is NOT with a COP of 2,5)!
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Figure 31 : Performance data comparison of the two fabricated module designs.
An improved measurement pillar has been constructed to test the arrangement with a water cooled heatsink with lower thermal resistance. The temperatures are now measured very close to the Peltier module in two tiny Cu blocks and the module in between and the ceramic heater on top. 
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Figure 32 : Measurement arrangement to measure the temperatures close to the Peltier module and heater respectively.
Figure 33 shows a similar measurement as before with the new designed module. The aimed result of 10W cooling capacity with practically no temperature increase and a COP of 2,5 has been achieved. Even higher COP can be achieved when pumping less energy, so allowing for a slight temperature increase in the heater. 
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Figure 33 : With the new module design the aimed 10W heat could be cooled with almost no temperature difference and a COP of 2,5. Higher COP can be achieved when pumping less energy, so allowing for a slight temperature increase in the heater. 
2.3.2.2 Adaption of the measurement for round robin test with TRT

To come as close as possible to the environmental conditions of the RF real application TRT has chosen a thermal heater chip that will generate the same heat than the final RF chip. Taipro has built the architecture and a PCB and contacted that chip electrically and thermally to the Peltiermodule (see report Taipro). The advantage here is the direct contact between heater and Peltiermodule and thus the most similar conditions as the RF application would have. Second, the thermocouples are implemented into the heater and give the temperature without any losses, so more accurate the real temperature that also the RF chip would have.

This arrangement has been built into the modified measurement equipment at Cidete (Figure 34) and as a round robin at the measurement equipment at TRT (see TRT report).
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Figure 34 : Modified measurement arrangement for the DEMO1 samples (right).
Measurements with the DEMO1 have been performed at Cidete. To test the temperature behaviour of the heater a measurement has been performed keeping the COP always at 2,5 with controlling the Peltier power according to the heating power. The result is shown in Figure 35. With 15 W starting heat the temperature is about 77 °C and drops when reducing the power successively. At 10 W the temperature of the heater is 33°C. 
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Figure 35 : Heater temperature and power dependence. At 10W cooled with the Peltiermodule with a COP of 2,5 the heater temperature is 33°C with 23°C ambient.
Figure 36 illustrates the temperature dependence of the power in a different depiction. The red crosses show the heater temperature when cooling with the Peltier module at the COP of 2,5, the blue crosses the heater temperature of a heater mounted directly onto a heat sink, without Peltier cooling (from a measurement of TRT). This depiction clearly shows the positive effect of the Peltier cooling. With 10W heat the temperature without Peltier module is 41°C, with Peltier module at COP 2,5 only 33°C (at 23 °C ambient).
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Figure 36 : Comparison of heater temperature dependent of heat for measurement with Peltier module running at a COP of 2,5 with a measurement without any Peltier cooling. At 10W a difference of 8K can be achieved.
Another similar measurement has been performed, but disregarding a COP of 2,5. The Peltier power was adjusted to get a good cooling effect with a power at a COP always >1.

Figure 37shows the result. The green line indicates the possible temperature that can be achieved with Peltier cooling at reasonable power and thus reasonable COP. The temperature difference can be significantly higher than with keeping the COP at 2,5.
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Figure 37 : Comparison of heater temperature dependent of heat for measurement with Peltier module disregarding the COP with a measurement without any Peltier cooling. The green line shows the possible temperature when cooling with the Peltiermodule at a reasonable COP (between 1 and 2,5).

2.3.2.3 Concluding remarks:

The performance measurements with the first module design lead to some improvements and optimisation of the Peltiermodule. The second generation shows a performance to get 10W cooling capacity with a COP of 2,5 and low temperature difference between heater and cold side, meaning all heat is removed.

The measurements of the package with the heater very similar to the application (from Taipro) show that when heating with up to 15W the temperature at the heater that is cooled with the Peltier module operating with a COP=2,5 is significantly lower than without TEC.

Furthermore it shows a decrease of temperature even with more than 15W heating when the COP is allowed to be lower than 2,5.

This time the Expoxy glued heater has been investigated. A heater soldered to the module will be investigated, as well as the option using a heat spreader to improve the heat flow with a more uniform heat distribution to the surface of the Peltiermodule.

2.3.3 RF Microtech (RFM)

2.3.4 FORTH

2.3.4.1 FORTH infrastructure streamlining & ISO 9001 qualification
2.3.4.2 FORTH RF MMICs 
2.3.4.3 Optical and e-beam critical dimension standard

2.3.4.4 Thickness calibration standard

2.3.4.5 Temperature calibration standard

2.3.4.6 DC & RF calibration

2.3.4.7 Clean room ‘Health Monitoring” calibration

2.3.4.8 FORTH RF-MEMS technology

2.3.4.9 SMARTEC RF MEMS

2.3.4.10 Concluding remarks on RF MEMS work progress
2.3.5 TAIPRO

In WP2, TAIPRO has taken into in charge with TRT the study on RF-MEMS packaging. Devices have been fabricated and characterized (DC) at TRT and TAIPRO has performed all packaging tests using different glues and techniques according their production capabilities. TAIPRO did also microscope observation in order to qualify each procedure applied during phase of tests.

Regarding TEC implementation for demonstrators, TAIPRO has taken into account also the integration of test devices on TEC with PCB definition in order to qualify TECs provided by CIDETE. 
2.3.5.1 Development of RF MEMS packaging
The aim of these studies is to identify a methodology of RF-MEMS packaging by automatic pick & place technique available at TAIPRO. 
2.3.5.1.1 First trial run of RF MEMS packaging

A first trial run of packaging on capacitive RF-MEMS switches from TRT has been performed on year 1.  Three types of glue were used for this first trial: 

· IQ-Bond 8427 : UV curing

· IQ-Bond 2402 : curing 30 min @ 125°C – black epoxy glue, SMD adhesive with high viscosity and thixotropy 

· IQ-bond 2432-T : curing 90 min @ 150°C – with flexible glue, hybrid chemistry

The results of this first trial were the following:

· IQ-Bond 2402 : Glue application is OK but contamination of devices (creep of glue on metallization)

· Q-Bond 2432 : Sprawl of glue on devices & contamination of devices (creep of glue on metallization)

· Q-Bond 8427/UV : Sprawl of glue on devices but no contamination of devices
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Figure 38 : Results first trial

The conclusion for this first trial was that ideally for MEMS packaging we need: 

· Higher viscosity (as for IQ-Bond 2402)

· No glue creep (as for IQ-Bond 8427-UV)
2.3.5.1.2 Second trial run of RF-MEMS packaging

For the second run, Taipro has identified another UV glue with higher viscosity (300.000 mPa.s instead of 35.000 mPa.s). The IQ-Bond 7294 is an UV epoxy based material (compared to the IQ-Bond 8427 that is an acrylic based material). Regarding contamination, it was also decided to use a silicone based material, the RTV-162. The viscosity of this glue is very high (no value given by the manufacturer because it’s a paste). 

For this second run, Taipro has performed 3 different tests. On the first test group, we have dispensed the glue on all locations, then placed the cap then did the UV curing once. On the second group, the dispensing, placement and UV curing was done one by one directly at each location. The test plan was the following: 
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Table 9 : Test plan second run
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Figure 39 : Part of the wafer to be used

It was also decided to use only one type of cap, the smallest one (see picture hereunder). The glue will be applied by dispensing a dot in each corner of the glass cap. 
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Figure 40 :  Small covering the MEMS

Regarding the run 2 assembly process, the dispensing of the glue and placement of the glass cap were done manually on this batch (automatic tool was not available). The dispensing of the glue was done with a pressure time process. 

Results with UV glue IQ-Bond 7294 (group 1 and 2): the high viscosity allows the glue to stay in place and is not flowing. When placing the cap, the glue is pressed down what leads to the increase of the dot size and the risk to touch the contact pad. 
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Figure 41 : UV dispensing (before and after cap placement)

On group 1, we can clearly see that UV glue was flowing during the process. On group 2, all devices seem ok, the curing was done here immediately after dispensing and cap placement to avoid the flowing of the glue. On both group, TRT has also observed a contamination of the SiO2 (not observed on the devices with RTV). 
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Figure 42 :  Results group 1 (left) and group 2 (right) after assembly
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Figure 43 :  Results group 1 
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Figure 44 :  Results group 2

Results with the RTV-162 (group 3): this glue is a paste, it’s more difficult to dispense small dots but when in place, it’s not flowing, even when me place the glass cap. The drawback with RTV is low adhesion to the glass or the substrate. 
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Figure 45 :  RTV dispensing (before and after cap placement)
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Figure 46 :  Results on group 3

All devices in this group seems to be ok visually. This was confirmed by the measurements at TRT. 

On some MEMS, we have also intentionally dispensed RTV or UV glue on the contact pad in order to visually see the flowing of the glue and contamination. We can see a small contamination from the RTV and a larger one from the UV glue. 
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Figure 47 : Dispensing on the connection pad (left RTV, right UV)

There was also an issue with the glass cap on this batch. The caps were contaminated (visually they are blurred). This contamination is due to the dicing process. On the next batches, TRT has setup a cleaning process (O2 plasma) and the result was very good. 
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Figure 48 : Glass cap contaminated

The conclusions of this second trial run of packaging are the following:
· Test 1 is not recommended

· Test 2 seems better for RF-MEMS packaging (No stuck observed)

· Test 2 to confirm on more devices (30 devices + 10 with contact on metal)

· Test 3 to test again on more devices (30 devices + 10 with contact on metal)

2.3.5.1.3 Third trial run of RF-MEMS packaging
Based on the conclusions of run2, the run 3 was setup with the following assemblies: 

· 30 devices with UV (IQ-Bond 7294), dispensing, placement and curing one by one (same as group 2 in run 2)

· 10 devices with UV partially on contact pad

· 30 devices with RTV

· 10 devices with RTV partially on contact pad

These assemblies were done this time on the automatic pick and place tool of Taipro. The dispensing of the UV is not consistent on the tool (see picture hereunder). With manual dispensing, the operator can more easily adapt the time of dispensing in order to get the right quantity of glue. 
[image: image81.jpg]-3 - e

» ol
£ i<
D._u a-a @.D
DI_H_ _UE DID
-H- B 0
DID ata u!
H- =l :le
mlm ‘Wl

s SN N



  [image: image82.jpg]



Figure 49 : Automatic dispensing of UV glue, not consistent

Regarding RTV procedure, some devices were stuck before their measurement and some devices were destroyed during measurement. The RTV glue presents a dielectric strength about 20  kV/mm. This value could explain the degradation of some devices, in the case where the glue has flowed along the metallization towards the dielectric material of MEMS. Further investigation has to be implemented in order to check this hypothesis.

Regarding IQ-bond procedure, more devices were found stuck after packaging but no devices were destroyed during measurement.

Compared to the 2nd trial run by manual procedure, the yield on 3rd trial run seems to be lower. 

2.3.5.1.4 Fourth trial run of RF-MEMS packaging
It has been decided for the 4th trial run to package 2 ¼ wafers using the following procedure:
· On 1st ¼ substrate : packaging of about 100 devices using IQ-Bond 7294 (same procedure than for 3rd trial run) and using the automatic tool

· On 2nd ¼ substrate : packaging of about 100 devices using IQ-Bond 7294 (same procedure than for 3rd trial run) and using the manual procedure
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Figure 50 : Automatic Vs manual dispensing of UV glue

The results with the automatic dispensing are better than for the manual dispensing. 
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Figure 51 : Automatic Vs manual dispensing results of measurements

The conclusions for this run 4 are then: 

· Low yield on both approaches

· No functional devices on manual procedure

· Better yield using automatic approach

About 60 devices seem to be functional after automatic procedure but with degraded performances, lower Capacitances after packaging (in down state)
2.3.5.1.5 Next trial run of RF MEMS packaging:

New glues have been identified by Taipro and TRT: 
· DOWSIL SE 1700 : PDMS material with non flowing properties. This glue was already used at TRT for other applications

· IQ-BOND 4542-X3 : silicone based material 
· H70E-4 : epoxy based material
Two new fabrications of RF-MEMS devices performed at TRT: 
· One standard fabrication on 3-inch high resistivity silicon substrate with 2 µm thick thermal silicon oxide

· One standard fabrication on 3-inch high resistivity silicon substrate with 2 µm thick thermal silicon oxide. This substrate was first passivated with 100 nm thick Al2O3 (ALD).
The purpose of fabrication with Al2O3 passivation is to compare the behaviour of glue (creeping/contamination) on SiO2 (standard fabrication) and on Al2O3
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Figure 52 : New wafers fabricated

Assemblies that will be done year 3 are described in Table 7. 
2.3.5.2 Demonstrator integration for TEC qualification

The objective of the demo 1 is to design the thermal management part of the final demonstrator. The RF die is not yet ready, that’s why TRT has chosen a thermal chip that will generate the same heat than the final RF chip. Together with Cidete and Tairpo, TRT has written down the specifications for this demo 1. Within this study the roles of the different partners are the following :

· Cidete : 
· Design of the TEC cooler that will fit the size of the die and the power dissipation

· Simulation of the TEC performances

· Fabricate the TEC module

· Measure the TEC performances alone and integrated in the demo 1 assembly 

· TRT : 

· Specification of the demo 1

· Simulation of the performances of the demo 1 module

· Measure the demo 1 performances and compare to the simulation

· Taipro :

· Design the PCB for the interconnexion between the thermal chip and the connectors

· Choose connectors (as small as possible)

· Design and setup the process assembly

· Do the assembly of the die, PCB and TEC module

2.3.5.2.1 Architecture of the demo 1

TRT, Cidete and Taipro has chosen the following architecture for the Thermal Management Demo 1 : 
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Figure 53 : Global architecture
· The die will be glued or brazed directly on the TEC in order the minimize the thermal resistance. 

· The PCB is also glued on the TEC and opened in the middle for the die placement on the TEC. For this first demo, the substrate will be a RF compatible one in order to be as close as possible than the final application. 

· The die is wire bonded to the PCB

· There 2 connectors, 1 for the power supply and 1 for the measurements

· The whole assembly is then placed on a heat sink to cool down the hot side. This can be a copper plate or an active cooler with water for example. 

· The full system can be mounted like BGA but will only the thermal part (red rectangle) will be designed and assemble for this demo 1. The full system will designed in the WP3; 
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Figure 54: Demo 1 architecture
2.3.5.3 Specifications

2.3.5.3.1 Thermal die

The NT16-3K Thermal Test Chip from Nanotest is designed as a modular system to provide the maximum of flexibility for thermal characterization and qualification of materials, packages and systems. This chip was chosen because it’s dimensions are close to the dimensions of the RF chip. The die used here is composed of 2 cells (the wafer can be diced following the number of cells needed). Each cell has a temperature sensor integrated (Kelvin measure).

The measurement principle will be :

· Apply heat load on chip (up to 24W CW)

· Measure temperature (built in temp. sensor)

· Validate TEC performances

· Evaluate needs for thermal resistance of cold plate

The technical specifications of the chip are the following : 
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Figure 55: Technical specifications of thermal chip
On each cell there are 10 heating tracks. We will connect the 10 heating tracks has shown in the figure below. The different connections are : 

· Red : heat tracks in parallel for low density heat load

· Green : heat tracks in parallel for high density heat load

· Blue : two independent temperature sensors (Kelvin method = 4 wires measurement)
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Figure 56: Die connections
2.3.5.3.2 TEC module

The TEC module has been designed and fabricated by Cidete. The soldering temperature of the module elements is 232°C. The main technical specifications are: 
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Figure 57: TEC module specifications
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Figure 58: Dimensions of the TEC module
2.3.5.3.3 PCB dimensions

Regarding the dimensions, the PCB can be lager or wider than the TEC if needed. The thickness, should be the closed as possible than the thermal chip thickness. 

2.3.5.3.4 Material interface

Regarding the different interface materials, we have to take into account the processing temperatures of each material and the process flow. 
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Figure 59: Interface materials in the demo 1
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Figure 60: Temperature interface material
Specification on Glue for the PCB:

· Nonconductive glue

· Support the temperature of 100 °C working condition

· Support the temperature of 200°C during a short period of time (second glue curing)

TIM1 and TIM2 specifications:

· Thermal conductive glue to improve the thermal exchange

· It can be electrical conductive

· The maximum curing temperature should not exceed the melting temperature of the solder past using for the solder paste using inside the TEC (232°C).

The eutectic solution is not possible here because the processing temperature is around 300°C. 

2.3.5.4 PCB design

Taipro has designed the PCB for this demo. Together with RF Microtech, Taipro has chosen a Rogers (RO4350) that will be also the final substrate for the RF assembly. 

First of all, we have calculated the maximum currents that will go through the PCB tracks, wire bonds and connectors :  

2.3.5.4.1 Current in wire bonds and connector : 

The maximum power per 2 cells die is 24W. 

· If we only use red circuit : 16 heating tracks in parallel : R=10ohm ( Imax = 1,55A, Umax=15,5V

· Current per track = 97mA
· If we only use green circuit : 4 heating tracks in parallel : R=40ohm ( Imax = 0,775A, Umax = 31V

· Current per track : 194mA
· Both circuits in parallel : 20 heating tracks in parallel : R=8ohm ( Imax = 1,73A, Umax = 13,84V

· Current per track 87mA

So the green wire bonds should support 200 mA, the red one should support 100 mA. 

Regarding the connectors : 

· For the red circuit the maximum current is 1,55 A

· For the green circuit the maximum current is 0,775 A

2.3.5.4.2 Connectors

We have chosen the connectors regarding the maximum current (1.5 A), the size and also their availability. 

Connector for the power supply : 
[image: image95.png]This ACH connector is compact and low

profile type, height 1.4mm and width
4.3mm,1.2mm pitch wire-to-board
connector.

« Top entry but side feed type
« Connector for DC power supply

« Corresponding to sucking nozzle of pick and
place machine

Specifications

« Current rating: 2 A/1 to 3 circuits AC, DG (AWG #28)
1.5 A/4, 5 circuits AC, DC (AWG #28)
«Vohtage rating: 50V AC, DC
« Temperature range: -25C 10 +85°C
(including temperature rise in applying
electrical current)
tial value/ 10 mQ max.
After environmental tests/ 20 mQ max.
« Insulation resistance: 100 Mg min.
« Withstanding voltage: 500 VAG/minute
« Appiicable wire: Conductor size/ AWG #32 to #28
Insulation 0.0/ 0.38 0 0.63 mm

« Contact resistance:

* Refer to "General Instruction and Notice when using
Terminals and Connectors™ at the end of this catalog.

* Contact JST for details.

* Compliant with RoHS.

Standards:
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Figure 61: Connector for power supply
Connector for the 4 points temperature measurement: 
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Figure 62: Connector for measurements
2.3.5.4.3 PCB

The PCB has been designed via Altium designer. The dimensions of the PCB are slightly larger than the dimensions of the TEC module. Hereunder a 3D view of the assembled PCB. 

The PCB was fabricate by Eurocircuits with a ENIG (Ni/Au) finish. The thicknesses are : 

· Thickness of PCB :  0.254 mm and RO 4350 for the dielectric
· 35 µm of coper on both side

· The total thickness of the PCB (included copper and soler mask) is 320 µm with a 400 µm die
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Figure 63: 3D view of the PCB
2.3.5.5 Process assembly 

2.3.5.5.1 Wire bonding 

The wire bonding of the die will be done with standard 25µm Al/Si wire. For Al wedge bonding, the PCB finish can be ENIG (Ni/Au). This is cheaper and lead time is shorter).  

The wire bond pad on the PCB is 150µm wide and spacing between pad is 150 µm also to decrease the cost of fabrication.

The choice of 25 µm wire is driven by the fact that it can carry the 200 mA current. For example the length of the wire is 1,25 mm so the fusing current is nearly 2 A, according to the chart hereunder (source : Heraeus).

The wire bonding will be done on Taipro’s automatic wire bonder (Hesse Mechatronics BJ820 or BJ855). 
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Figure 64: Maximum curent chart

The real bonding diagram on the PCB is the following : 
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Figure 65: Wire bonding diagram
2.3.5.5.2 Process flow 

The process flow has to take into account the different processing temperatures. Following the materials and processes listed by Taipro, we can choose the right material regarding the process assembly step (see tables hereunder).

	
	Thermal conductivity 
(W/.mK)
	Temperature
 max process (°C)
	Temperature max 
in product (°C)

	Epoxy
	2.5
	150
	200 (300 intermittent)

	SAC solder
	60
	250
	210 
(melting temperature  : 217-220)

	Eutectic (Au80Sn20)
	57
	300
	< 280

	Ag sintering
	200
	200-250
	

	Other solder alloys
	
	150 to 300
	138-280


Table 10 : Interface material

	Substrate
	Thermal conductivity 
(W/.mK)
	Temperature max (°C)
	Dielectric constant

	IMS (Al)
	1.5 – 1.2
	130 – 200
	-

	IMS (Cu)
	2.2
	130 – 200
	4.9 @ 1 MHz

	PCB FR-4
	0.25 – 0.4
	130 – 170
	3.9 - 4.4 @ 1 GHz

	PCB Rogers (RO4350B)
	0.69
	< 280
	3.48 @ 10 GHz

	Ceramic Al2O3
	24
	800
	10 @ 1 GHz

	Ceramic AlN
	170
	800
	7.5 @ 1 GHz


Table 11 : Substrates

Glue for the PCB :
We have chosen the IQ-Bond 2402 as a nonconductive epoxy. The minimum curing time is 5 min at 120°C. We have used a 20 min at 125°C curing process to improve the mechanical properties of the glue.

Glue for the DIE:

We have identified 2 different die attach processes in this project:

· Electrically conductive silver epoxy (H20E from Epotek) : 

· The minimum curing is 15 min at 120 °C we choose a 30 min 125 °C curing.

· It’s a good thermal conductive material but not as good as a solder paste (thermal conductivity is 2.5W/m.K).

· The die won’t move during the curing.

· A low melting temperature solder paste (SMDLTLFP10T5)

· Alloy : Sn42/Bi57.6/Ag0.4

· Melting temperature is 138°C

· The maximum temperature during reflow is 170°C

· The die can slightly move during the curing when the paste melt.

For this project we choose to keep the 2 glues and compare them after assembly. The low pressure silver sintering process can be tested also for the die attach but the curing process is much longer (a few hours). 

The process flow is then the following: 

1. Mounting SMD connectors with standard SAC solder past ( reflow at max 255°C (meting point of SAC is 218°C)
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Figure 66: SMD connectors assembly
2. Gluing of the PCB to the TEC with non conductive epoxy ( curing at 125°C for 20 min

3. Die attach on the TEC with 2 different processes : 

a. Conductive glue (epoxy ( curing at 125°C for 30 min

b. Low meting temperature solder paste ( reflow at max 170°C


4. Wire bonding
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Figure 67: Wire bonding
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Figure 68: Final assembly
The encapsulation of the wire bonds was not foreseen at this step. This encapsulation will probably interfere with the thermal dissipation. If we want to protect them we can do it later.

Taipro has assembled the demo 1 in house, on its production line, following the process flow defined. In total, the following assemblies were done at Taipro: 

· 3 assemblies on TEC: Die glued with epoxy 

· 3 assemblies on TEC: Die soldered with low melting temperature paste 

· 1 assembly on AlN subtrate : Die glued with epoxy  - Reference module without TEC (Tmelting 220°C)

· 1 assembly on AlN substrate: Die soldered - Reference module without TEC (Tmelting 220°C)

WP3: Prototyping
The lead beneficiary of this Work Package is RFM. WP3 start at M18 and end at M36
2.4 Objectives 

This Work Package entails all actions to:
· Package the smart chipsets fabricated and qualified within T2.4 by the WLP technique and assemble them onto customised PCB boards (2nd level assembly) using already qualified processes thus realising the SMARTEC reconfigurable prototype modules.

· Qualify the smart module prototype against specs in Figure 3.
· The successful qualification of the prototypes will automatically signify reaching TRL 8 and the “inauguration” of the SMARTEC pilot line.

The consortium has foreseen to enough time for at least two assembly iterations to care for possible additional fine tuning actions in the assembly procedures

2.5 DESCRIPTION OF work and role of partners

See technical document attached to the Grant agreement.

2.6 work done between M18 and M28
WP3 has started at M18.
3. WP4: Marketing & Business Development

The lead beneficiary of this Work Package is CDETE. WP4 start at M6 and end at M36
3.1 Objectives 

This WP entails all the actions to establish the marketing strategy of the consortium, including new product “paradigms”. It will cover:

· Market segmentation and appraisal.

· Market needs capture & planning (both products & service offer).

· Go to market strategy including value proposition formulation (allowing positioning the offers) and pricing strategy.

· Leads generation.

· Foreground generation

· Dissemination activities (web site, newsletters, conference presentations etc)

· Promotional activities

3.2 DESCRIPTION OF work and role of partners

See technical document attached to the Grant agreement.

3.3 work done between M12 and M28
3.3.1 Thales Research & Technology (TRT)

3.3.2 CIDETE INGENIEROS SL (CIDETE)

3.3.3 RF Microtech (RFM)

3.3.4 FORTH

3.3.5 TAIPRO

4. Milestone MS7: Pilot Intermediate marketing strategy assessment
4.1 THALES
4.2 RFM

4.3 FORTH

4.4 TAIPRO[image: image105.png]
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