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Disclaimer

This is a working document and will be updated frequently until it is finalized.
General

CMS Forward Pixel detector consists of hundreds of silicon sensors, ASIC chips, flexible high density interconnects, printed boards, optical components etc. This complexity requires a very high reliability of each component to achieve certain level of system reliability. This document provides a list and guidelines for specific tests performed with Forward Pixel components during production phase of the project. 

The performance of the final CMS FPIX detector will be quantified in term of:
· Resolution (single hit resolution and two track resolution)
· Efficiency

· Occupancy (due to both Physics and noise)

· Radiation hardness

The resolution and the physics occupancy are a direct consequence of the detector design (like the pitch of the pixel cell for example) and accelerator performance and so will not be discussed here.

The efficiency and the noise occupancy are a direct consequence of the quality of the components installed in the experiment (defects like noisy pixels and missing bumps for example affect the occupancy and the efficiency respectively). The radiation hardness of the read-out chip is given for granted while the capability of the sensor to operate at the specified high voltage has to be monitored during the assembly process.

Quality Assurance (QA) procedures must be established for the production phase of the CMS FPIX. These procedures have to:

· Reject defective devices

· Quantify the number of dead pixels (source of inefficiency)

· Quantify and characterize the number of noisy pixels  (source of noise occupancy)
· Assure the High Voltage operation of the silicon sensor

· Produce a set of parameters for each module to be used after installation at the beginning of the commissioning phase in the experiment

· Test the devices under the most extreme conditions foreseen during data taking in the CMS experiment

· Test (within reasonable limits) the long term reliability of the devices

In this document the plaquettes testing plan is described in detail. A similar approach is foreseen for panels and blades and it is shortly mentioned at the end. 

As a by-product of the electrical testing of the CMS FPIX components we expect to develop know-how and valuable expertise for the operation of the detector in the experiment.

Assumptions

In this document we make the following assumption:

· The readout chips have already been probed and certified as production grade before being shipped to the bump-bonding vendor. 
· The silicon sensors have already been probed and certified as production grade before being shipped to the bump-bonding vendor.

· Each functional component could be used in the experiment so low quality parts will still undergo the full testing procedure (they might get discarded before the next assembly step).

This document describes only the testing procedures for the production. A small sample of components might be tested on more extreme conditions to identify potential systematic failure modes in the prototype and preproduction phases.
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Figure 1.  Plaquette construction and testing schematic flow. The different colors point to different locations as described on the legend on the left side.
Production flow

The Plaquette production flow is described in the block scheme of Figure 1.

Silicon sensors bump-bonded to read-out chips will be received from the bump-bonding external manufacturer. These devices will be from now on called hybrids. A visual inspection will be required before mounting them on VHDIs. 

VHDI are received from the external manufacturer and probed at Kansas State University (KSU) to ensure their electrical properties. 

At Purdue University (PU) Hybrids and VHDIs are assembled on a silicon substrate and wire-bonded. These devices will be from now on called plaquettes. Plaquettes are mounted and wire-bonded to the HDI Adapter Board and then placed on the carrier box (VHDI carrier) to allow plaquette electrical testing. A Basic Functionality Tests (BFT) is performed at PU before and shipping them to Fermilab.

Once at Fermilab VHDI carriers undergo a set of tests before being mounted on panels.

After a visual inspection to detect shipment induced damage a BFT is performed followed by a Full Characterization Test (FCT). Following a 72 hours Burnin test the devices will be once again fully characterized and graded. At this point the devices are ready to be mounted on panels. At each of the testing steps at FNAL a defective device can exit the regular flow and be sent to the repair loop in case of failure. 

Several Plaquettes are mounted on the HDI along with the TBM to form a Panel. The Plaquettes are wire bonded to the HDI. Two panels mounted on the cooling channel form a Blade. This is the biggest electrically isolated object that can be tested separately. The total number of Plaquettes to be tested including spares is ~800, total number of Panels including spares ~250.
Testing parameters and procedures
The parameters used for the evaluation of the quality of the plaquettes are a direct consequence of the general description given above. The digital part of each chip must be fully functional and no digital error must be present, the analog performance have to be evaluated in a pixel by pixel basis and the sensor leakage current have to be within the expected limit even at the highest foreseen bias voltage.

Configuration parameters

The readout chip has internal DACs to set voltages for its various stages. These DAC settings have to be known in a chip by chip basis in order to fully characterize the plaquette.

The readout chip output is zero suppressed. Only pixels above threshold are readout. The location of the hit pixel is decoded in row and column address levels in the analog output. The decoding constants for the addresses have to be known to fully characterize the plaquette.

Variation from pixel to pixel within the same readout chips is expected. The threshold settings are programmable in a pixel by pixel basis. These settings will be used to equalize the threshold charge of all the pixels within a few hundred electrons around the specification value of 2500 electrons.
Small variation in the silicon sensor resistivity is expected from batch to batch. As a consequence each plaquette should have a suggested operational voltage from the probing of the silicon sensors prior to bump-bonding.

These configuration parameters will be measured during the first FCT at FNAL and stored for the further tests. In summary each plaquette should be accompanied with:

· DAC setting in a chip by chip basis

· Constants for addresses decoding in a chip by chip basis

· Threshold trim bit settings in a pixel by pixel basis

· A suggested operational bias voltage for the silicon sensor

The Basic Functionality Test (BFT)

This test is meant to ensure that all the interconnection (wire-bonds etc…) are present and that no mechanical damage has been introduced on the plaquettes components (chipped dies etc…).
For this test we envision using the same configuration parameters for all the plaquettes (except for the number of chips that varies from device to device). 

Test procedure:

1. Turn on and check the power consumption in the Low Voltage (LV) lines (should be within the limits of this kind of VHDI and scale with the number of chips)
2. Turn on the Bias voltage at 300 V (the PS should be current limited to 100 A) and record the leakage current
3. Run quick diagonal test (read two pixels in each double column from each ROC in calibration mode) 

4. If 1, 2 or 3 failed mark BAD and send to the REPAIR, otherwise GOOD
In order to be able to operate every chip on every plaquette with the same configuration parameters the charge being injected during the diagonal test will be set to be large enough to be above any single pixel threshold. 
This test is planned to be performed on a test station without any active cooling one plaquette at the time. The testing equipment is going to be the Rutgers University (RU) TBM03 board, FEC2 board, PC with USB port, PCI ADC card, lab grade power supplies with current measurement, pulse generators, digital scope.

The Full Characterization Test (FCT)

This test is meant to be used to determine the configuration parameters and to measure the quality of the Plaquette being its basic functionality already certified. Moreover this test is performed before and after burnin and so it is meant to detect changes induced by the burnin test itself.
1. The device is turned on and an IV scan is performed on the sensor bias. The following data are recorded: 
a. LV current consumption

b. I-V curve on the bias up to 400 V. 

2. The configuration parameters are determined with a bias voltage of 400 V. The DAC settings are optimized in a chip by chip basis to maximize the double column address separation first, the row address separation second and the preamplifiers dynamic range last. A fixed (large enough) calibration voltage is injected on each pixel in order to measure the addressing decoding constants of each pixel. A threshold scan with a injected calibration voltage equivalent to 2500 electron is performed by scanning the trim bit settings in order to equalize the thresholds in a chip by chip basis.  The results of this tests will be recorded on a configuration file carrying the plaquette ID that must contain the following information:

a. DAC settings in a chip by chip basis

b. MAX and MIN ADC for the 2 double column address bits in a double column by double column basis within each chip

c. MAX and MIN ADC for the 3 row address bits in a row by row basis within each double column of each chip

d. The trim bit setting for each pixel in order to have a threshold as close as possible to the nominal 2500 electrons 

3. Using the configuration parameters measured at point 2 a calibration voltage scan is performed and the following information are recorded: 
a. Pedestal in a pixel by pixel basis

b. Gain in a pixel by pixel basis
4. Using the configuration parameters measured at point 2 a noise occupancy measurement is performed by taking 50000 triggers with all the pixels enabled and the following information are recorded
a. Occupancy in a pixel by pixel basis
b. A list of pixel with occupancy larger than 0.1% (noisy pixels list)
5. Using the configuration parameters measured at point 2 a LED test is performed in order to check the connectivity between sensor and readout chip in a pixel by pixel basis. A list of disconnected pixels (failed bumps) is generated.
As the previous one this test is planned to be performed on a test station without any active cooling one plaquette at the time. The same equipment as in the previous test will be used (before burnin the 2 tests will be performed one after the other if no failures are detected so to minimize handling and setup time). 
The Burnin test

This test is meant to stress the plaquette to the most extreme electrical and environmental conditions expected during the data taking in the CMS experiment for an amount of time short enough to be compatible with the production flow and long enough to assure a minimum level of long term reliability of the parts being built.
The burnin test lasts 72 hours (this choice is driven by previous experience of other projects like D0 and CDF Run2 silicon upgrades and the CMS strip) during which:

· The sensor bias line will be held at 400 V (the maximum foreseen voltage during the lifetime of the detector in the CMS experiment)

· The substrate temperature is thermally cycled between -30◦ C and room temperature with a period of 1-2 hours
· The plaquette is continuously clocked. 

Two burnin stations capable to handle 20-30 plaquettes are planned. 
Two options are being considered for the electronics to drive the ROCs and receive data from them:

· Custom hardware developed by FNAL partially based on final CMS Pixel FED module design and including 9U VME crate, PCI to VME interface, custom VME board, custom HDI Interface Board, PC with Ethernet port (problem#1: need 4..6 months to get first prototypes, problem#2: need software developer for this setup, problem#3: FED must be available by the time of production)

· Multiple RU TBM03 boards, multiple FEC2 boards, PC with USB hub, PCI ADC cards, lab grade power supplies with current measurement (problem#1: no individual current measurements are possible, problem#2: need more or less final version of the TBM chip, problem#3: need time and manpower from RU, problem#4: need multichannel PCI ADC card) 
The environmental boxes to be used for the burnin station are described in appendix A.

The supply/distribution/monitoring system for LV, HV and temperature is described in appendix B.

Test procedure:

1. Load the burnin station and connect all the devices under test (DUTs)

2. At room temperature turn on the LV, raise the bias voltage to 400 volts and check the current consumption on each DUT (should be within the limit of this kind of VHDI carrier)

3. Start the 72 hours burnin test. The following data are taken/recorded.
a. Run a diagonal test every ten minutes. This will give information for both the addressing decoding levels and the response to charge injection. This allows monitoring of the analog and digital stability of the readout chip versus time and temperature.

b. Noise occupancy measurements every 20 minutes. The same test described on point 4 of the previous session is foreseen. This allows monitoring of noisy channels versus time and temperature. 
c. Record the bias leakage current every 1 minute

d. Record the LV current consumption every 1 minute
4. Finish the burnin test

a. A clear PASS/FAIL flag is generated

b. The VHDI carriers are disconnected and unloaded.
Grading plaquettes

The burnin results together with the post burnin FCT are used to quantify the performance of the plaquette.

· Sensor performance:
· Leakage current vs time and Temperature at 400 V
· HARD Failure: Ileak>10 A/cm2 at 24 C (system limited to 100 A per DUT)
· SOFT failure (still usable) 1 A/cm2< Ileak<10 mA/cm2 at 24 C
· GOOD Part Ileak<1 A/cm2 at 24 C
· Noisy pixels vs time and Temperature 

· GOOD Part No more than 0.1% noisy pixels at any given time or temperature 
· If bigger than 0.1% should be considered a SOFT failure (still usable)
· HARD Failure  when more than 2% of the pixels are noisy.
· Chip performance:

· LV current vs time and Temperature. 
· HARD Failure  if more than 110% nominal
· Integrity of digital information vs time and Temperature (row/column addressing). Any digital error is to be considered a  HARD Failure
· Stability of analog performance vs time and temperature (stability of the response to charge injection) 
· HARD Failure  if more than 10% variation versus time (at a given T)

· Variation versus temperature need further studies
· Noisy pixels (same as for the sensor performance)
Panel and blade test

The approach for panels and blades tesing is very similar to the one described for plaquettes. We are not planning and burnin for this parts (still under discussion). At this stage in the assembly process we plan to use standard CMS Pixel electronic including Port Card, Optical Links, FEC, FED, VME crate, PCI to VME interface, PC with Ethernet port and CMS Pixel power supplies for both LV and bias.

Test procedure:

1. Turn on and check the power consumption in the Low Voltage (LV) lines (should be within the limits of this kind of VHDI and scale with the number of chips)

2. Turn on the Bias voltage at 300 V
3. Run quick diagonal test (read two pixels in each double column from each ROC in calibration mode) 

4. If 1, 2 or 3 failed mark BAD and send to the REPAIR, otherwise GOOD
Repair loop and hard failures
During the production phase a small number of parts will be considered unusable either in a permanent or temporary basis. These parts are called Hard Failures.

· Spotted by:

· Lack of current either on the LV or HV

· Current (either LV or HV) crossing the Hard failure limit

· No output from the VHDI (during any of the tests listed below)

· Digital errors from the VHDI

· Probably induced by

· Single component failures (infant mortality and/or poor handling)

· Interconnection failures (weak connection and/or poor handling)
These parts will exit the production and testing flow depicted in Figure 1 and sent to the repair loop. A dedicated testing system as the one to be used for the BFT in connection with a probe station will be used to investigate the cause of the failure. If a fix is successfully implemented the device has to be treated as a new part in the FNAL testing system and so even burnin will be repeated if already performed on the device. The burnin system must be build in such a way that a hard failure developed during burnin is compatible with completing the test on the other devices loaded on the same station.

All the hard failures have to be documented and categorized in order to give immediate feedback to the assembly line in case procedures can be improved.
Appendix A

Burnin Station(s)
At this point the burnin test is envisioned only for plaquettes. Plaquettes will be mounted on VHDI carriers. A part flow of up to 60 plaquettes per week is foreseen during the CMS FPIX production phase. Two burnin stations able to operate 30 plaquettes each are required to cope with this production rate. The burnin station should provide:

1. A dark environment 

2. A dry environment (to avoid condensation at low temperature)

3. A easy to plug interface between the DUTs and the electronic/monitoring systems

4. The capability to thermally cycle the DUTs between room temperature and -30◦ C

5. A monitoring system for the LV, HV and Temperature

6. A user friendly software interface

The electrical interconnections between the VHDI carrier and the electronic/monitoring systems are the same as in any other test. A RTD is mounted on each VHDI carrier and so the temperature is be monitored on a device by device basis. The bottom of the VHDI carrier is aluminum and in direct thermal contact with the plaquette so to provide the heat sink for the power dissipated by the ROCs. 
To cool down the VHDI carriers two options have been investigated. 
A. A common aluminum plate cooled with a water-glycol mixture by a common refrigerating bath chiller. This solution is cost effective but can hardly reach the lowest temperature of -30◦ C and will also imply serious challenges on avoiding condensation on such large system being held at subfreezing temperature.

B. Single Peltier (Thermoelctric modules) elements for each DUT. The heat generated by the TEC modules is then removed by a common heat sink that is liquid cooled and kept at 10-20◦ C. A schematic view of this approach is shown in Figure 2. 
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Figure 2.  Schematic view of a single VHDI carrier (Cold plate with the green HDI Adapter board) and the cooling system of option B for the burnin station. 
We plan to build a reduced capacity burnin system station compatible with the PSI43 ROC during summer 2004 to have a proof of feasibility system before building the large scale system required for the production phase. This station will be able to host a few devices (2-4) and will follow the option B described earlier. The existing electronic and software based on the TBM03 board will be used and a dedicated Labview based software will be build to control and monitor the power and temperatures as described in appendix B.
The hardware being considered for this cooling system even if not yet finalized is here described: 

· Thermoelectric modules from ADVANCED THERMOELECTRIC (www.tecooling.com). There are two ST-127-1.0-6.0 "E" modules (see specs. at http://www.tecooling.com/modulespecs.htm) in this cooling stand, they are connected to the temperature controller in parallel. 

· The thermoelectric modules are powered with a switching DC supply, model PS-150W-15V (http://www.tecooling.com/PS-150-15.pdf). The Model TC-24-25 RS232 Temperature Controller from TE Technology (http://www.tetech.com/temp/tc24-25-rs232.shtml) is used to control the temperature, it is PC programmable (we use Labview) via RS232 port, comes with thermistor with temp. range -20C to 100C.  
· The liquid heat sink is connected to a recirculating bath chiller like the NESLAB RTE-7 
· RTD's are from Minco (http://www.minco.com/).  (Model No. S245PD12).
· Dry air flow comes from running the building's compressed air through a  regulator, particulate and coalescing filters, a membrane dryer another regulator, a flow meter and into the dark box. The use of Nitrogen is being investigated as well.
Appendix B

HV supply, distribution and monitoring system for the burnin test
During burnin all the VHDI carriers will be supplied with 400 V to bias the silicon sensor. The leakage current of each individual VHDI carrier has to be monitored.

A single power supply per burnin station will be used with voltage tunable output exceeding the specified 400 V and at least 20 mA capabilities (Keithley 2410 or 237 for example). A distribution box is going to be used to fan out the PS output voltage to multiple channels. A current measuring resistor is connected in series with the return line of each channel (held at GND potential) and the voltage drop across the resistor will be monitored with a multi-inputs digital voltmeter (Keithley 2700-2750 can host up to 80 monitoring channels for example) and the data recorded with the desired time interval through a Labview based software.. In order to achieve the desired leakage current precision of 1 nA a 4M resistor is foreseen. The other functionality of the resistor is to limit to 400V/4M=100A the maximum current that can flow on one of the bias line. The system as described is also compatible with monitoring of the temperature readings from the RTD installed in the VHDI carriers and in other parts of the system.

[image: image3]
Figure 3.  Schematic view of the HV distribution and monitoring system for the burnin station 
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