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Summary

This document describes about parylene coating, The parylen coating is a baseline for the protection of discharge on higher voltage operation of the irradiated sensor.  
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[bookmark: _Toc34752502]Introduction
[bookmark: _GoBack]The silicon pixel sensor has connected to the ASIC with the bump bonding technique (hybrization) as shown in Figure 1. Through the High Luminosity LHC (HL-LHC) period, silicon pixel detectors will be irradiated up to 7x1015 (1 MeV neq/cm2) and 7 MGy for the Inner Layer 0 and Ring 0 (assuming 2,000 fb-1), and 2.5 x1015 (1 MeV neq/cm2) and 2.5 MGy for outer pixel detectors (assuming 4,000 fb-1) [1]. After the irradiation, the sensor property is changed and full depletion voltage will be increased. The HV needs to be supplied up to 250 V and 600 V for the 3D sensor and the planer sensor, respectively. The requirements of HV tolerance are set to 375 V and 900 V including 1.5 safety factor.
The issue of high voltage operation is discharge. Discharge has occurred at the edge of sensor and ASIC. To avoid the discharge, we plan to do a Parylene (Type N) coating after the module assembly. A HV tolerance of parylene coating is 1,000 V / 5 μm, thus, more than 5 μm is thick enough to prevent discharge.
An option for the protecting discharge is a BCB or PI (Poly Imide) coating on the ASIC surface. This will discuss elsewhere.


[image: ]Figure 1 : Left) A schematic view of a hybrization. Center) Discharge will occur with high voltage due to the difference in potential of the sensor and the ASIC surfaces. Right) Example of discharged module. Obviously it was happened at the edge of both.


[bookmark: _Toc34752503]Advantages of parylene coating in addition to the HV protection
In addition, parylene coating also protects from the environment, for example corrosion due to the humidity. Since the modules will trip all over the world, such environmental protection is much worth. 
With parylene coating, wire bonds get stronger. Figure 2 shows the pull test result as function of parylene thickness. Pull strength of wire bonds become stronger with thicker parylene coating linearly. This strength is not changed after the irradiation of 5 MGy.
Another aspect of parylene coating supposes to protect bump disconnections due to the thermal cycle stress [2]. The damage was dramatically improved with the parylene coating based on studies of Oxford and Japan groups. Figure 3 show the source scan results using 90Sr source with and without parylene coating. For this test, FE-I4 demonstrator modules for the Outer Barrel, which is attached the cooling cell and potted encapsulation on all wire bonds by Sylgard 170 were used.  Without parylen coating, bump disconnections were observed between ASICs and corners of all ASICs where the part of encapsulation location. While no significant bump disconnections were observed with 6-μm-thick parylene coating. The result indicates the parylene coating protects not only the thermal stress from the FPC but also that from encapsulation.
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Figure 2 : Pull test strength as function of parylene thickness. Wire bonds become stronger with thicker parylene coating linearly. The irradiated samples were also demonstrated as shown by orange and gray points, and no significant changes were observed.

[image: ][image: ]Figure 3 : Hit distributions of pixels using a beta source for bump disconnection studied. Red colored pixels indicate more than 10 hit was found by source scan, while Green colored pixels have no counting. Left) the result without parylene after 100 cycles of -40-40C, and Right) the result with parylene after 190 cycles of -40-40C. We saw bump disconnections (no hit) between ASICs and corners of the ASIC without parylene coating, but not see them with 6-μm-thick parylene sample.

[bookmark: _Toc34752504]Choices of coating material and thickness
The parylene coating has various types as shown in Figure 4. We have used type-N or type-C historically. Since type-C has halogen, chlorine, it might cause pollution. Thus, we chose the parylene type N as a baseline for parylene material.
Target thickness is considered two variations. One is 5 μm to be minimum for HV tolerance.  Other is 20 μm to do complete underfilling the gap between the sensor and the ASIC. We will decide the thickness by further studies.
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Figure 4 : Various types of parylene material [3]




[bookmark: _Toc34752505]Parylene coating company
Parylene coating service can be supplied by SCS (Specialty Coating Systems) companies in the world [2]. For example, “Parylene Japan” will supply in Japan. Following list is the specification in case of type-N at the Parylene Japan (Any types of parylene are available). 
· Maximum thickness : 75 μm
· The thickness variation :  +- 2  μm
· The number of modules per batch (expected) : 50 
Each assembly site needs to clarify the vendor to order the parylene coating and the vendor needs to be qualified toward the mass production.
For small amount test samples, the coating is also available at Liverpool University (Figure 5). This arrows quick coating by ATLAS member and is very useful for investigations and developments.
[image: ]

Figure 5: Parylene coating machine at Liverpool University. This is located at class 7 clean room.





[bookmark: _Toc34752506]HV tolerance of the parylene coated module
We have many parylene coated modules which were made for testing irradiated sensors. These modules need to be supplied about 600 V for full depletion, thus, the parylene coating or another HV protection is necessary. Table 1 shows the survey result with these modules in terms of the HV tolerance. The result is no discharge was observed of 33 modules which were supplied over 900 V (1.5 times safety factor). 
In addition, two samples are tested HV cycling after the irradaitoin (5 MGy), one is 100 cycles of 0 to 1,000 V and other is 200 cycles in the same voltage rage and they had no discharge.  
These results indicate the parylene coating is sufficient enough for higher voltage operation in the radiation environments.

	Parylene Type-C
	# Survived
	# Discharged

	850 V
	1
	0

	800 V
	1
	0

	Parylene Type-N
	
	

	1200 V
	4
	0

	1100 V
	2
	0

	1000 V
	26
	0

	900 V
	1
	0

	800 V
	8
	0

	600 V
	6
	0

	450 V
	1
	0

	300V
	2
	0


Table 1 : The survey result in terms of HV tolerance of the parylene coating by the irradiated modules. There is no discharged module over 33 modules supplied above 900 V.

[bookmark: _Toc34752507]Masking procedures of the parylene coating
Due to the complex and fragile components of the pixel module, the masking for parylene coating will need to be done by ourselves before sending to the coating vender. The parylene masking can be done by tape or rubber. 

1) Masking by tape
The masking by tape can be applied to flat surface, for example silicon surface, Al surface and PCB surface. We know the masking by Kapton tape is very well learned at the SCT production, however, Kapton tape would not be prefer to put on silicon surface due to the high peel strength. We have tried dicing tapes, ICROSS SB-170HM-QCH-PC2 and HT-140H-UA40-PC2 [4]. Adhesive of HT series will be weaker by UV irradiation. These dicing tapes are originally made for the silicon wafer, thus, not only the peel strength but also the contamination are well considered. 
Figure 6 shows the masking test by the dicing tapes and good shape to use on the silicon surface.
[image: ]Figure 6 : Left) Masking test by dicing tape at silicon wafer surface. We can see clear masking shape in right-bottom spot. Right) The peel test sample for dicing tape on the PCB.


To check the peeling-off strength of the tape, we made the peel test sample shown in Figure 6 and the result is shown in Figure 7. With the 5-μm-thick parylene coating, the stress was obtained as 1 N / 10 mm. This would not be so much stress to the sensor or PCB. With 20-μm-thick case, the stress grows to be 2.5 times higher. However, if we cut the border of tape with knife, the peel strength reduces to the same level of 5-μm-thick case. 

[image: ]Figure 7 : Left) Pull test of dicing tape on the PCB surface. Right) The peel test results. In case of 5 -μm-thick coating, the stress is not changed with or without cutting the border of tape. In case of 20-μm-thick coating, the strength grows to be 2.5 times higher. However, it will be same level of 5-μm-thick coating by cutting the border.


2) Masking by rubber
The masking by rubber can be applicable to non-flat surface, for example connectors. There are many sealing rubber from various vendors. In here, Shin-etsu X-31-283-W (100 Pa-s) or X-31-293-W (illiquid) are proposed [5]. Figure 8 shows the trial of masking the connector. We can peel-off the rubber very easy, does not need much strength, and no remains are found in connector gaps. 
At testing with parylene coated sample, the masking was successfully done, while it needs higher strength to pell-off with the coating. It does not make sure there is no significant damage on the sensor if the connector is placed on the sensor (see section 7). The strength depends on the amount of rubber and control seems to be difficult.

[image: ]Figure 8 : Right) Masking test samples by rubber. Center) The rubber can be peel-off with small strength. No rubber remains in gaps. Right) After the parylene coating The masking was well done, but the peel strength was higher than before that of parylene coated. It depends on the amount of rubber.


[bookmark: _Toc34752508]Masking of the pixel module
The silicon pixel module consists of a hybrid  (a pixel sensor connected to an ASIC via bump bonding) and a flexible printed circuit (FPC). The FPC is attached to the hybrid with an Araldite 2011 epoxy, then the 25-μm diameter aluminum wire bonding is used for electrical connection btw the ASIC and the FPC. 
Parylene would be coated after the assembly as shown in Figure 9. The masking is needed to the connector on center of the FPC and back-side of ASICs. The masking for ASICs will be done by dicing tape, discussed in section 6.
The connector masking is kind of tricky. Since there is the hybrid under the FPC, the direct rubber masking is dangerous due to the necessity of high strength to peel-off after the coating; it might damage the bump connections. Now the 3D-printed box method is proposed as shown in Figure 10. First demonstration was done by the PCB plate and successfully removing the mask as shown in Figure 11. This method needs to be qualify at the dummy and the RD53A module production.

[image: ]Figure 9 : Left) A schematic view of a silicon pixel module. The masking needs to be applied to connector part (top red line) and back-side ASIC (bottom red line) Right) Top view of RD53A quad FPC. Molex connector is placed on the center.


[image: ]Figure 10 : A proposing masking procedure for the connector. Masking by 3D-printed box with the rubber sealing. At the sealing position on the FPC, the dicing tape is attached first to protect from the damage of coating cut by knife shown in Figure 11.



[image: ]Figure 11 : Removing sequence of the masking. The parylene coating needs to be cut by knife at some point. At this case, simple aluminum plate were used as a transport box. It should be considered with the final shape of the transport box.











Figure 9 is the default shape of assembled quad module, used for the Inner Layer and the Endcap. In addition, the cooling cell consists of TPG and CFRP plates, are attached with thermal glue for the Outer Barrel modules as shown in Figure 12.  The masking of surfaces of the CFRP and TPG are under discussion. This also depends on the sequence of the cell loading shown as A) and B) in Figure 12. 

[image: ]Figure 12 : Left) A cooling cell for the Outer Barrel module. Rights) Schematic views of the OB modules. There is two options of the sequence of parylene coating; A) Coating the modules and the cell separately, then attach both with the thermal glue. B) Attached the module and the cell, then, parylene coating.




























[bookmark: _Toc34752509]Vendor qualification
The vendor or the institutes who plan to do their own coating (institute-coating) should be qualified in terms of the repeatability of thickness and adhesion. It is required just one trial in case of ordering venders including parylene coating as regular practice, for example, SCS companies, Plasonic and so on.
 In case of own-coating, it is required at least three times to confirm the repeatability.

	Qualification
	Requirement 
	Sample
	Equipment
	Before coating
	After coating

	Thickness control
	+/- 2 um
	Glass or
Silicon

Release film for detaching of Parylene fim
	Micrometer or
profilometer
	Substrate flatness and thickness measurement
	Thickness measurement

	Adhesion
	ISO2409
Class 0 or 1

Repeated after irradiation and  thermal cycling
	Silicon
PCB
Kapton*
	Cross-cutter Multiblade or 
Cutter with corss-cutter guide
	Clean surface with IPA and compressed air
	Cross-cut test

	Dielectric strength
	Thickness measurement

280V / um for Parylene N

Repeated after irradiation and  thermal cycling
	Dummy module or single chip assembly
	HV source with output up to 1.5kV
	Calculate breakdown voltage based on metrology of sample. IV curve up to 200V if real module, up to BD if dummy part
	IV curve up to expected BD voltage based in thickness qualification

	Wirebond pull tests
	>10g, dependent on thickness

Repeated after irradiation and  thermal cycling
	100 long wires, 100 short wires
	Automatic or manual pull tester
	20 wires pulled from each sample before coating
	Remaining 80 wires pulled


* Kapton flex or tape on rigid substrate. Table 1 : Requirements of qualification for parylene coating.

[Thickness variation]
The deposited parylene thickness can vary depending on the sample number, position and geometry as well as the chamber volume and geometry. For institutes that plan to do their own coating, this variation should be characterized so that the number and placement of samples in the chamber is optimized to achieve the target Parylene thickness with minimum variation from sample to sample. 

[Adhesion test]
The adhesion test aims to assess the resistance of coatings to delamination when a peel test is conducted after a lattice pattern is cut into the coating, penetrating through to the substrate (Figure 13). The ISO2049 [6] standard specifies the following criteria:
· Number of cuts :  Six.
· Spacing of cuts : For coatings up to 60 um for hard surface :  1 mm.
· Cuts should be 2cm long repeated at 90 deg so grid is formed 
· Apply pressure sensitive transparent tape (Peel test e.g. Scotch 810) 
The cross-cut test can be done by a Multiblade tool or with a scalpel and a cross-cut guide tool. The classification is done according to the ISO2049 as shown in Table 2.
For more details, it was summarized on 
https://indico.cern.ch/event/871586/contributions/3675871/attachments/1963560/3266318/jtaylor_HVp_vendor_qul_181219.pdf
[image: ]   [image: ]  [image: ]Figure 13 : Left) Mutiblade tool (TQC sheen SP1660), Center) Cross-cut guide, Right) Test at Liverpool. Silicon + Parylene type N with silane 174. It was after the peel test.

[image: ]Table 2 : Classification of the cross-cut test written in ISO2049 [6].

The adhesion test must also be completed for all vendors using samples that have been irradiated with gamma rays and hadrons with a dose to be defined. The tests should be repeated after thermal cycling with a temperature range and number of cycles yet to be defined.

[Dielectric strength test]
The dielectric strength of Parylene N is 280V/um and thus a thickness of >3um is specified for operation of the modules at bias voltages > 600V. The intention of this test is to replicate the geometry of the pixel sensor and readout chip and test the dielectric strength of this configuration after a known thickness of Parylene is applied by a vendor or institute. A dummy module constructed from metal or silicon sensors (diodes or single chip pixel sensors) with an appropriate spacer to replicate the bump height of a module or a real single chip module could be used for these tests. Metrology should be carried out to determine the distance between the parts separated by a spacer, in particular at the corner of the device where the discharge is expected to happen. The parts should be Parylene coated to a target thickness of 5um, the deposited thickness measured and an external bias voltage applied so that the user can measure the IV characteristics after the Parylene coating up to the predicted breakdown voltage if possible. The test should be repeated after irradiation and thermally cycling. The type or irradiation and dose along with the temperature range and number of cycles for thermal cycling will be the same as for the adhesion tests.


[Wirebond pull strength test]
Parylene coated wirebond samples containing short (few mm length) and long (up to 10mm length) 25um Al wire bonds will be used for this test. The goal is to quantify the mechanical strength of the Parylene using a test that is easier to carry out than a pull test with Parylene film samples (which requires a piece of equipment less common in ITk institutes). Samples with ~ 100 short and 100 long wires should be prepared and 20% of these wires pulled before Parylene coating to measure the mean pull strength of the wires without coating.. The wires should then be coated to a target thickness of 5um and the deposited thickness measured afterwards. A further 20 wires sgould be pulled form the long and short wire samples and the mean pull strength and spread recorded. The remaining wires should be pulled after irradiation and thermally cycling. The type or irradiation and dose along with the temperature range and number of cycles for thermal cycling will be the same as for the adhesion tests.
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