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Abstract

For the upcoming ATLAS-Experiment at CERN it is planned to build a large area
Pixel Detector, providing more than 150 x 10° sensor cells. For the innermost layer,
the B—Physics layer, it is planned to use MCM-D technology to perform the signal
interconnections and power distribution on the modules. Focus of this paper is to
give an introduction to this technonology and present measurements on single chip
MCM-D assemblies and a full scale MCM-D module prototype.
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1 Introduction

In the ATLAS-Experiment at CERN, which will be started in the year 2005,
a high granularity Pixel Detector is the innermost subsystem of the tracking
detectors. The Pixel Detector will consist of modules. Each of these mod-
ules will consist of a sensor tile with an active area of 16.4 mmx60.8 mm, 16
read out ICs, providing digital read out for 46080 pixel unit cells, a module
controller chip (MCC) and the local signal interconnections and power distri-
bution busses. In the current generation of prototypes the size of a single pixel
unit cell is 50pmx400um, though the innermost layer will have a cell size of
50pmx300um leading to more than 60000 necessary interconnections between
read out ICs and active sensor tile. This very high wiring density is achieved by
bump bonding and flip chip assembly. Bumping of the read out ICs is done us-
ing Indium or electroplating PbSn. As described in [1] the Multi Chip Module
Deposited technology (MCM-D) can be used to build signal interconnections
and power distribution busses directly on the sensor material. MCM-D is a
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thin film technology, in our case using Cu/Photo-BCB as conductor/dielectric
material. The further development is done at Fraunhofer-IZM in Berlin.

2 The MCM-D Technology

By depositing dielectric materials and conductors on the high resistivity sil-
icon sensor it is possible to build a four-layer thin film metallisation. These
four layers are necessary to route the signal lines between MCC and read out
ICs and to the module periphery as well as providing a power bus system
to all ICs. Photosensitive Bencocyclobutene (BCB, eg = 2.7) was spinned on
the substrate with a thickness of 6 um. Advantage of this choice of material
is the low processing temperature of about 220° C. For the metallisation 3 ym
thin copper layers were electroplated. The interconnections between different
copper layers were formed by vias with a minimum diameter of 25 ym. Figure
1 shows a schematic cross section of the design. The four layer bus system is
situated below a 2 mm wide region of the end—of-column logic of the front—end
chips. The data bus system is designed in a microstrip line configuration. In
the pixel cell array one has to connect sensor cells with the corresponding cell
of the read out electronic. As described in section 4.1.2 different configura-
tions of these so—called feed throughs have been investigated. The MCM-D
technology gives the freedom of connecting sensor cells with electronic cells
in some distance. Further information about the MCM-D technology can be
found in [2].

3 Feasibility and Yield studies

In [3] the feasibility and good performance of the signal and bus system re-
garding irradiation and high frequency tests and crosstalk measurements has
been shown. Figure 2 shows a measurement of the sensor leakage current be-
fore and after MCM-D processing. In the range of the uncertainty of this
measurement no influence on the sensor properties can be observed.

A yield study regarding feed throughs and bump connections has been done.
In daisy—chained configuration a total of 1.1 x 10° vias were monitored. The
result leads to an expectation of 1.5 unconnected pixel cells per module.



4 Single Chip Modules

A Single Chip Module consists of a read out chip, a small sensor tile fitting
to one IC and feed through structures in MCM-D technology in the pixel
cell array. With this kind of devices the influence of the MCM-D structures
on the electrical performance of the read out channels was investigated. Two
different read out prototypes, the so—called FeB [4] and FeC [5], were mounted
on several different sensor prototypes [7].

4.1 Lab measurements

Each single read out cell provides a preamplifier, a discriminator, a latch
to mask each individual pixel cell to read out and a 3bit digital to analog
converter (TDAC) to tune the discriminator’s threshold in each pixel cell.
The charge generated in the silicon sensor by an ionizing particle is compared
to the threshold of the corresponding discriminator. If the signal is higher, a
digital information about the cell coordinates and an 8 bit information about
the signal’s time over threshold is fed to the digital readout part. The time
over threshold (TOT) information can be calibrated and is used to reconstruct
the signal amplitude. On a complete module the digital information is send
to the MCC, where event building and data reduction takes place [6].

4.1.1 Threshold and Noise

To measure the threshold and noise of each individual pixel cell the fron—end
chips provide special circuitry that enables the injection of charge in selected
pixel cells. The distribution of the individual pixel cells before and after per-
forming a tuning by setting the TDACs is shown in Figure 3. The mean thresh-
old of a complete front—end chip (FeC) in an ”as low as possible” configuration
is 825 electrons with a standard deviation of 225 electrons. The possibilty of
tuning each pixel cell reduces the deviation to 45 electrons. This is consistent
with measurements on non-MCM-D devices. Also the performance regarding
noise, as shown in Figure 4, is encouraging. With a mean value of 86 + 11
electrons equivalent noise charge an influence of the necessary feed throughs
is not verifiable.

4.1.2  Routed Pixel and Crosstalk Measurements
The MCM-D technology gives additional freedom in connecting sensor and

electronic cells. In the ”classical” approach for a hybrid pixel detector pixel cell
sizes on both sides have to be congruent and an interconnection can only be



Table 1
Crosstalk for four different layouts of feed throughs

neighbouring | Class | Class | Class | Class
pixel U R1 R2 R3

nearest ST1 | 70 % | 82 % | 89% | 8.5%
ST2 |30 % | 46 % | 5.1% | 5.0%

2nd ST1 |25 % | 27 % | 4.3% | 5.7%
ST2 |13 % | 1.6 % | 24% | 3.7%

34 ST | <1 % |[<1%|<1%|28%
ST2 | <1 % | <1 % |<1%|20%

performed between opposing cells. MCM-D allows to optimise the geometry.
Bricked and equal sized pixel become possible. To investigate this opportunity,
different designs of feed through structures have been implemented. Figure 5
shows 3 of several different designs. In the upper row the most simple kind
of design is visible, the unrouted pixel class ”U”. The lower row shows two
different kinds of routed designs. For the ”R1” type class the routing connects
the sensor cell with its neighbouring electronic cell. Class "R2” skips one
electronic cell and the sensor cell is connected to the second neighbouring
electronic cell. Not visible in the figure is the class "R3”, where two cells
are skipped. One expects a higher interpixel capacitance between pixel cells.
Measuring the crosstalk between pixel cells determines this influence.

The fraction of charge that couples into a neighbouring pixel through the
interpixel capacitance defines the crosstalk. The measurement is done by in-
jecting a charge () into a pixel NV, which is masked to read out. The charge Q¢
at which the neighbouring pixel NV + 1 reports hits is compared to the fixed
threshold value T of its discriminator. The fraction - gives the crosstalk. The
results for different sensor prototypes (ST1 and ST2 [7]) are shown in table 1.
The results for unrouted pixel (class U) for the two different sensors with 7.0 %
for the ST1 sensor and 3.0 % for the ST2 sensor are in the same range than for
non-MCM-D hybrids. The difference between the sensor prototypes is due to
the different layout of a p—stop sensor design (ST1) and a p—spray like (ST2).
The routing in MCM-D layers does not significantly harm the performance of
the electronic, though a crossing of copper lines in different layers (see Figure
5) should be minimized.



4.2  Test Beam Measurements

Test Beam Measurements with MCM-D single chip assemblies were done at
CERN. There was the possiblity of placing prototypes in a high energy particle
beam (mainly pions with a mean energy of 180 GeV) while using a reference
system (beam telescope) consisting of four layers of strip detectors with a
resolution of about 3 ym.

The presented measurements were done using a MCM-D single chip assembly
with FeB and a sensor in the so—called ”small gap design” [8]. Figure 6 shows
the resolution in the 50 um direction of the sensor cells for single hit events.
[lustrated is the difference between expected (by beam telescope information)
and measured (for single pixel hit events this is the centre of the responding
pixel) particle impact position against number of tracks. The width of 50 ym
is drawn for orientation. As the probability for detecting double hits increases
to the border of a sensor cell one observes a flat plateau of about 30 pym.
For double hit events (as shown in figure 7), where the generated charge is
distributed between two pixels, one can calculate the particle hit position more
precisely. As described in section 4.1 each read out channel provides the 8 bit
TOT information as a parameter for the signals amplitude. Weighting both
hits with this information leads to a more accurate measured hit. With this
method a double hit resolution of 5.1 um can be resolved. The TOT can also
be used to reconstruct the amount of deposited energy in the sensor. Figure 8
shows the reconstructed energy deposition for single as well as for double hits.
The peak at about 23000 electrons corresponds to the expectation for a 280 pm
thick silicon sensor. These results show no negative influence of the MCM-D
structures in terms of resolution and charge collection efficiency compared to
non-MCM-D devices [9,10]

5 Full Scale Module Prototype

A first full scale MCM-D module prototype was build in cooperation with
I[ZM. This module contains the four layer bus system, feed throughs in the
pixel cell array, 16 read out chips (FeB) and the MCC connected by solder
bumps. The module provides a total of 46080 read out channels and more
than 48000 bump bonds.



5.1 Threshold and Noise

A threshold scan over the whole module and the according noise measurement,
is shown in Figure 9. It was done without using any of the tuning and opti-
mizing possibilities provided by the read out chips. The overall performance
of the module is promising and shows no degradation due to the MCM-D
structures. It is also cognizable that the power and signal busses are able to
drive and read out the module.

5.2 Source Measurement

Another measurement, which can be performed in the laboratory and shows
the functionality of the sensor and the proper connection of the bump bonds,
is to place a radioactive source (?*!Am in this case) above the module and
take the pixel’s response over a sufficient time. Figure 10 shows this kind of
measurement, for chip#7 of the module. Black pixels on top of column 2 and
3 are not connected to the sensor by design, as in these columns the classes of
routed pixels (see section 4.1.2) were placed.

6 Conclusion

It was shown that the building of pixel detector modules using the MCM-
D technique is possible. The sensor is not harmed by the low temperature
process. The signal- and power-distribution is able to drive all nessecary con-
nections of a module consisting of 16 front—end- and one controller—chip. The
performance of the pixel electronic cells is not degraded by the nessecary con-
nections through the thin film layers (”feed throughs”) in terms of threshold,
noise and impact position resolution. If these feed throughs are build by copper
lines crossing each other, the crosstalk between adjacent structures is slightly
increased, but this might be avoided even in a ”equal sized bricked” sensor
layout.

Although the expected failure rate of 107° for the feed throughs including
the bump connection is supposed to be acceptable, the next generation of
prototyes will be used to study the problems one has to face coming to a
production state, not building single modules but several modules a week.
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Fig. 1. Schematic cross section of the four layer bus and signal system. On the
right—hand side the feed through connections from the detector to the read out chip
are illustrated.
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Fig. 2. IV characteristics of two sensor tiles before and after MCM-D processing.
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Fig. 3. Threshold distribution before and after fine tuning in each pixel cell of a
MCM-D Single Chip assembly (here FeC).
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Fig. 4. Noise distribution of a MCM-D Single Chip assembly (here FeC).
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Fig. 5. Upper row: Unrouted pixel class ”U”. Lower right: class "R1”. Lower left:
class "R2”.
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Fig. 6. Residuals expected - measured position of single hits.
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Fig. 7. Double hit resolution with usage of TOT-Information. This method leads
to a resolution of 5.1 m.
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Fig. 9. Threshold and noise distribution of a full scale MCM-D module.
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Fig. 10. Hitmap of a source measurement with 24! Am.
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