4.2 Hybrid pixels

The inner layer of the vertex tracker will be build based on silicon pixel devices designed for the ALICE experiment at CERN. The ALICE collaboration has developed and is now constructing a silicon pixel detector for its inner tracker. This detector system has to fulfill similar requirements as the inner layer of the vertex detector proposed for PHENIX. We therefore plan to develop and built the inner layer for PHENIX in close collaboration with ALICE.    

For PHENIX the pixel devices will be arranged in ladders, each ladder carries 4 sensor - readout chip assemblies or sensor-ladders, each with 4 readout chips bump-bonded to one sensor.  Two of those assemblies, comprising a half ladder, are wire-bonded to a Kapton-aluminum bus on which run power, control and data lines. This is illustrated in Figure 1. A pilot module that is part of the half ladder but outside of the sensors' geometrical acceptance processes the incoming control signals and outgoing data of a half ladder. It carries an analog pilot chip for the power and reference voltage supplies of the pixel readout chips, a digital pilot chip for their controls and readout, and an optical link chip and transmitter for the data transfer to the acquisition system.
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Figure 1 (a) Cross section of a pixel detector half ladder designed for the ALICE experiment. The hybrid pixel detector itself consists of a readout chip that is connected via solder bump-bonds to a sensor chip. Every sensor pixel has a corresponding individual signal processing electronic in the readout chip. They are interconnected with small solder balls (``bump-bonds'') in a flip-chip process. Eight pixel detector assemblies are wire-bonded to a readout bus structure that runs along the detector on top of the sensors. The half ladder is mounted onto a mechanical support with includes embedded cooling lines to remove about one Watt of power dissipated by the readout chip. (b) Arrangement of two sensor-ladders with four chips each to form a PHENIX pixel detector half ladder. A bus connects all readout chips. A pilot module outside of the acceptance of the sensors interfaces the readout of the half ladder to the data acquisition system.

4.2.1 Sensor

The pixel detector sensors are designed in a planar technology of CANBERRA and produced as p-in-n structures on 5” silicon wafers of 200 m thickness. A pixel cell is defined by p+ implants in one side of the n-type silicon. The pixel dimensions are 50 m  by 425 m. Every sensor pixel has a contact pad for bump-bonding to the matching electronics pixel on the readout chip.

The array of 32 by 256 pixels is read-out by a single readout chip. The array is surrounded by a guard ring electrode that protects the detection area from leakage currents deteriorating the signals generated by charged particles in the depleted silicon. The guard ring also encircles a “snake” structure for quality tests of the bump bonding during the mass production of the assemblies. Those “snakes” have matching structures and contact pads for probing access on the readout chip. A scribe line defines the outer dimensions of the device for the wafer dicing and also contains alignment marks. Figure 2 shows a photograph of a corner of such sensor. 

Sensors for single chips, as produced for ALICE pixel detector prototypes and the NA60 pixel vertex spectrometer, are of 12.8 by 13.6 mm2 size. On a PHENIX sensor-ladder four sensor pixel arrays are implemented in a linear arrangement on a single substrate. The long side of the pixels is parallel to the long direction of the ladder. The 200 m thick sensors deplete typically already at 12V applied to the aluminized n+ implanted continuous back plane. During operation in the experiment, the sensors are over-biased. The leakage currents are as low as a few nA in well diced material but can go up to a few A without any danger to the sensors’ functionality.

Several sensor-ladders are arranged on the production mask of a 5” wafer. Dedicated p-in-n diodes between the sensor-ladders are production-specific to the CANBERRA technology and serve the quality survey in the foundry. 
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Figure 2 Photograph of a corner of a pixel detector sensor chip, seen through a microscope. A guard electrode surrounds the array of pixel implants. The scribe line defines the outer dimensions of the die.

4.2.2 Readout chip

The pixel detector front-end electronics (“readout chip”) results from a research and development effort at CERN that started more than a decade ago
. The recent chip “ALICE1LHCb” is a mixed analog-digital ASIC designed in CERN's EP-MIC group and the ALICE and LHCb teams for an application in the Silicon Pixel Detector of the ALICE experiment and the RICH photo detection of the LHCb experiment at the LHC
. It is also being applied in the vertex spectrometer of the NA60 experiment at the SPS
. The chip is designed in a 0.25 m process with radiation tolerant design layout techniques. Each chip has 32 by 256 pixels of 50 m by 425 m size. It is designed to be bump-bonded with solder balls of about 20 m diameter to a silicon sensor that contains an array of sensor pixels with matching size and pitch. The chip provides a binary output signal for every pixel that indicates a charge release by a traversing particle. The threshold of the pixels' discriminators and various other parameters of the front-end electronics can be adjusted and programmed individually for every pixel. An analog pilot chip provides the reference levels for the readout chip.  Typical thresholds for particle detection are below 2000 e-, while the electronic noise is below 200 e- equivalent noise charge. For single pixel hits the mean sensor signal from minimum ionizing particles in 200 m Si is about 16000 e- so that a superb signal-to-noise ration is achieved. Each ALICE1LHCb chip is readout by clocking out 256 32-bit words at a frequency of 10 MHz. 

Interconnection of Sensor and Readout Chip (“Bump Bonding”)

The term “bump-bonding” denotes the micro-interconnection of electrical structures with small “balls” of metals or alloys. It is essential for the construction of modern hybrid structures with two-dimensional arrays of high-density designs. Bump-bonding and flip-chip interconnection techniques were already introduced in the late 1960s. They became commercially available only about 15 years ago. Bonding with dimensions smaller than approximately 50 m is still offered by only a rather small number of vendors or specialized laboratories, and becomes challenging at below 20 m for specialized applications.

The Technical Research Centre of Finland (VTT), Microelectronics Department of the Information Technology Division, is the vendor of choice at CERN for the production of flip-chip assembled pixel detectors for the ALICE and LHCb experiments. VTT offers an integrated package of bump-bond deposition, wafer thinning and flip-chip bonding
. Key features of the process are: 

· 200-mm (8'') wafer capability. 

· Tin-lead solder alloy bumps are used for mechanical strength of the bonded assemblies. 

· Bump deposition by electroplating. 

· Optional thinning (back grinding) of bumped readout wafers from native 

· Thickness of 750 m down to 150 m. 

· Clean dicing with front side protection using either photo resist or tape. 

· Fluxless flip chip bonding. Alignment accuracy better than m 

· Bump size down to smaller than m diameter. 

· Throughput 3-4 assembly bondings per hour.

Statistics from the recently finished production of bump-bonded assemblies for the NA60 pixel vertex spectrometer, with chips of 750 m and sensors of 300 m thickness, illustrates that the industrial process of VTT is able to produce good yield for 20 m bump bonds.

In the year 2003, a grand total of 132 single-chip pixel detector assemblies were produced in multiple batches for NA60 at VTT. Out of those, 115 assemblies passed the acceptance test, i.e. had less than 1 % dead or noisy pixels. An example is shown in Figure 3. The average yield of accepted assemblies was 87 %. Several large batches, especially towards the end of the production, had a significantly higher yield than this average and reached even 100 % of accepted assemblies. In the same process, first pixel sensor-ladders were successfully produced for the ALICE experiment. They contain five readout chips placed on a silicon substrate of about 14 mm by 70 mm size that has five matching sensor pixel arrays implemented. The processing included the thinning of the readout chips to 150 m prior to the flip-chip assembly onto the sensor of 200 m thickness.

	[image: image4.png]ESIMIK] Chpsy lest buises

256

240
20
200
150
150
140
120
1n-|

20

an|

o

1

PO e 5t ead bres
e 1

24

2

e

-]

12|

12|

12|

100-|

s

&

2]

2

2SVMIXT Chip 555193 Source
£






	 (a)
	 (b)
	 (c)


Figure 3 Test result of a typical high-quality ALICE1LHCb assembly for the NA60 experiment: (a) Test pulse injection into readout chip: 8 out of 8192 pixels are dead, the rest of the pixel array responds. (b) Source measurement with Sr90 to test the bump bonding quality: 3 out of 8192 bonds are open (or pixels do not respond electrically). (c) Image of a beta source with shadow of the depletion voltage contact needle on the silicon sensor.
The requirement for thinnest possible detectors especially in the internal layers of the vertex detector, to minimize multiple scattering and photon conversion, demands the thinning of the readout chips. The native thickness of electronics wafers is 750 m when they leave the foundry. Since they are processed only from one side, in a layer of only a few micron depths, a large fraction of the bulk can be removed without affecting the electrical properties of the chip. Sensor wafers are processed from both sides to establish the p-in-n structures, and have to be directly produced in their final thickness. At VTT, a procedure has been developed to thin readout chips in a way that conforms to the mechanical stability requirements for bump-bonding and flip-chip assembly. After the electrolytic deposition of solder bumps on a full readout wafer, and before the flip-chip process is performed, the wafer's surface is first protected with a removable film. The backside is then grinded mechanically in several steps.  Finally, wet chemical etching or chemical mechanical polishing removes the defect layer. The minimum thickness achieved with 8'' wafers is 150 m, with thickness variations of less than 5 m.

A small number of thin sensor-ladders have been produced so far for the ALICE experiment, prior to the start of the mass production. The test production yielded several well working sensor-ladders.  Figure 4 illustrates a test result from one thinned sensor-ladder of five readout chips. 
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Figure 4 Map of working pixels from a source measurement of a thin ALICE pixel sensor-ladder. The sensor-ladder consists of five thinned readout chips of 150 m thickness that are bump-bonded to a 200 m thick silicon sensor substrate. The fraction of working pixels is indicated for every chip

4.2.3 Readout Bus

The bus is a printed circuit sandwich made from Kapton and aluminum layers. It contains the power, data and control lines for the operation and parallel readout of eight pixel chips (see next section on Pilot module) per half ladder. The supply, control and data lines are between 50 m and 8 m thick and insulated with 8 m Kapton layers. Micro-vias interconnect readout and control lines across several metal layers in order to manage the routing towards the side of the multi-chip interface module. The metal layers are arranged in vertical steps along the long side of the bus in order to be able to wire-bond the readout chips to the bus.  Several passive components (decoupling capacitors, pull-up resistors etc.) will be placed on the top layer. The total thickness of the bus is 280 m. Prototypes of the bus and first specimens of the final Kapton-aluminum bus have been produced at CERN for the ALICE Pixel Detector.

4.2.4 Pilot module

The pilot multi-chip module carries four chips that support the readout and control of the pixel readout chips of every half ladder: Analog and digital pilot chip, link driver chip with optical link, flash-analog-digital converter that reads several temperature sensors on the half ladder. The components are arranged on a multi-layer Kapton printed circuit with copper lines and interconnections. It is as wide as the pixel bus and less than 70 mm long. 

The role of the digital pilot is to read the data from the eight ALICE1LHCb chips. Upon pixel chip readout being initialized, each ALICE1LHCb presents 256 sequential words of pixel data on a 32-bit bus synchronously at a 10MHz clock. Thus, 25.6μs are required to read the data from a single chip. In PHENIX data is read-out in 80μs to achieve a maximum throughput of 12.5 kHz. A sequential, readout of the 8 chips on two ladders will require 204μs to empty the pixel chip data into the pilot and hence does not meet our timing constraints. To increase the total readout speed several pixel chips from one half ladder must be readout in parallel.  

We are currently investigating several options to overcome the readout speed limitation. Key to all of them is to introduce a modified pixel bus with parallel branches of data readout lines. One solution could be to readout out each of the parallel branches with one of the existing ALICE pilot ASIC's. This solution is not very attractive since it requires a lot of space on the ladder and implies large power consumption. Other solutions are based on a new pilot chip. This may be implemented as a new version of the ALICE pilot ASIC adapted to PHENIX, or as a radiation hard FPGA. Both options are being investigated in collaboration with the ALICE pixel group and a decision will be made between the two by spring 2004.

The ASIC option uses the same design rules and radiation tolerant technology as the pilot ASIC that is presently already functional. It can be submitted as part of a multi project wafer at CERN.  

The operating environment of the pilot module is such that the expected total ionization dose of the order of 3.8 kRad per 27-week run (50% duty cycle) is sufficiently low to employ radiation-hard FPGA technology. These FPGAs have been developed for the satellite industry and are guaranteed to work up to 200kRad. Between 200 and 500 kRad there is some degradation in timing observed at far higher frequencies then we would operate the device. An available package size of 12 mm by 12 mm is sufficiently small to fit onto the pilot module. A FPGA solution is more flexible than an ASIC especially it may allow on ladder zero-suppression which potentially reduces the number of components needed on each ladder to transmit the data. It also may be applicable with little modification in the strip detector readout chain. A first prototype design with parallel readout and zero suppression has been finished and is being tested on an FPGA. A rad-hard FPGA will be tested near the intersection region in the run-4 RHIC run. 

A bus with several parallel branches of data lines is essential to all of the technical approaches mentioned above. It requires a design with higher density of readout lines than presently produced in prototypes, in order to keep the overall bus thickness at the present level. In the current design for sequential readout of the pixel chips, the line pitch is 80 micron. The capabilities of industrial partners are being explored in order to start an R&D effort for a production that can yield such high line densities. 

4.2.5 Front End Modules 

Power, slow control, and data readout of a pixel ladder are provided through the pilot module. For the ALICE experiment this module has been developed and we expect that with few modifications most components can be reused. The pilot module transmits its data via optical fiber. In PHENIX these fibers would be collected at data collection modules (DCM's), which serves as interfaces for all detector front-end electronics to the PHENIX DAQ system. 

A front-end module (FEM) will communicate with the pilot module on one side, and the PHENIX DAQ and slow control system on the other side. Since the pilot module transmits the data via optical fiber, the FEM can be located in electronic racks away from the vertex region. Each FEM may receive data from several pixel half ladders and thus reduce the number of DCM needed to interface to the PHENIX DAQ. In order to allow simple manipulations of the data, the FEM will pipe the data through an FPGA. This FPGA will add data headers and trails to for standard PHENIX data packages. Optionally the data may be zero suppressed at this stage to reduce the data volume that need to be transferred. The design of the FEM is very similar to FEM's that are currently employed in the PHENIX readout system. 

We are investigating to what extent the FEM's may also be used to extract information from the vertex tracker for the second level trigger. The basic idea is to let the FPGA group the data into super pixels, which provide rough hit information. The hit information from all FEM's could then be transmitted to a local trigger processor to calculate trigger primitives in real time. The hit information could be correlated with other information, like electron identification in the PHENIX RICH and EMCal, by more elaborate algorithms, while the event is analyzed by the PHENIX second level trigger processors farm. In principle, if the data of the silicon strip detectors is also passed through similar modules at the same location the information of all layers of the vertex detector could be correlated and a rough secondary vertex tracking may be feasible.  

4.2.6 Pixel detectors operating in the NA60 experiment:

Hybrid pixel detectors as described above are already being applied in the NA60 experiment at the SPS at CERN. NA60 studies the production of open charm and prompt dimuons in collisions induced by proton and heavy ion beams on nuclear targets. For this task, several novel detector systems were added to the dimuon spectrometer and zero-degree calorimeter, which were previously used in the NA50 experiment. The main upgrade is a new silicon pixel vertex spectrometer, which contains a tracking telescope, shown in Figure 5 that is built from ALICE1LHCb pixel detectors. Ninety-six single-chip pixel assemblies are arranged on 16 tracking planes with 4 or 8 chips that are operated on pixel busses on ceramic substrates. The readout electronics utilizes the pilot prototype chip that was developed for the ALICE Pixel Detector, and the driver chip developed at CERN for the optical link.

In the year 2002, during the construction phase of the NA60 pixel detector modules, a sub-set of three tracking planes was operated in the experiment and used to track particles in low-energy Pb-Pb collisions Figure 6. The run confirmed the feasibility of the detector concept in both technical aspects of the module construction and the vertex reconstruction performance
. One half of the telescope was then characterized in a test beam run in September 2003. The full telescope with 16 detector planes is now ready and installed in the NA60 experiment for the physics run with high-energy Indium beams in October 2003.  The full readout chain is working well in the NA60 data acquisition system.
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Figure 5 The vertex spectrometer of the NA60 experiment comprises a 16-plane pixel detector telescope mounted in a 2.5 T dipole magnetic field in 7 cm to 32 cm distance downstream of the targets. Every plane is built from four or eight ALICE1LHCb single-chip pixel detector assemblies, which are mounted on ceramic printed circuit boards
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Figure 6  Average-multiplicity event in collisions of a 30~GeV/c Pb beam onto three Pb targets, reconstructed with three pixel detector planes during a test run of NA60 in Fall 2002
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