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Appendixx A 

MCM-dd techniques in pixel detector 
modules s 

Inn this section the design of pixel modules in the so-called MCM-d technique is described. 
Althoughh the MCM-d technique already existed, the application in hybrid pixel detector 
moduless has never been accomplished. In co-operation with IMEC [93, 94] and Canberra 
[66]]  a design was made, that would lead to a prototype MCM-d pixel module. Parallel to 
this,, an R&D program was carried out by the University of Wuppertal in collaboration 
withh IZM [95]. Unfortunately, the pixel module as discussed here has not been realised 
yett due to the high costs and the absence of an immediate application in an experiment. 

A.ll Motivation 

Integrationn of the data busses onto the substrate as done in the Delphi experiment makes 
thee module compact. A large mechanical support and the fan-out. as in the case of the 
WA977 module can be kept to a minimum. Using the "multichip module-deposit" tech-
niquee (MCM-d) a bus structure of conductive and dielectric layers can be deposited onto 
thee sensor. Such a structure would replace the ceramic board of the WA97 module and 
thee kapton foil of the Delphi module (figure 3.10). In this way, the module is more com-
pactt and remains thin, because only a thin layer would be added to the total thickness. 
Furthermore,, as can be seen in figure A.l all readout, chips are1 completely bump-bonded 
ontoo this layer. This avoids any wire bonding and therefore1 reduces the handling in assem-
bly.. This last item is not to be underestimated since1 experiences with the Delphi module 
showedd that the production yield depends heavily on the1 complexity of the? assembly. 
Figuree A.2 shows the failure rate for the Delphi module1 during asse^nblv. 

Inn an MCM-d structure (at present) up to five1 metal layers are1 used as shown in figure 
A.3:: the first twe> metal layers, penve'r and ground, are' use>el te> powe1]' the1 re;ademt chips. 
The'ii.. two layers. X and Y. are1 used to route the1 elata lines. Finally a compememt layer is 
nevelexll  fe>r the oe>imection of the reademt chips te) the1 module. 

The-- me^al layers are made out of T i /Cu/T i. except for the1 teip metal layer, whie-h is 
made11 of Ti /Cu. with plated Ni/Au. It make's this layeT suitable1 for bump bemding or wire 
bonding.. Al l metal layers have a typical thickness e>f 2.5 /jni. 

Thee passivation in between the metal layers is made1 emt of j)he>tosensitivei bakeable 
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Figuree A . l : Pixel module with busses integrated in MCM-d layers. 

4% 4% 

19% 19% 

53% 53% 
production production 
dicing dicing 
bumpbump bonding 
assembly assembly 

Figuree A.2: Failure rate for the Delphi module. The module itself is shown shown in figure 3.10 (b). 

benzocyclobuthenebenzocyclobuthene (BCB). BCB has a low dielectric constant of 2.7, which makes an 
interconnectionn density possible with low crosstalk. Some of the electrical characteristics 
off  BCB and T i /Cu /Ti are listed in table A. l . 

Thee metal layers are brought onto the substrate by sputtering and the BCB is spinned 
ontoo the wafer. These BCB layers may be as thick as 20 /iin and line patterns and vias 
(holes)) can be made of it. 

A.22 Design of a prototype MCM-d module 

Thee objective of a prototype is to show that the principle of the MCM-d technique can 
bee applied to pixel modules. It means that the module should be designed such, that 
i tt can be tested on critical issues, like voltage drop along power lines, crosstalk between 
dataa lines, attenuation of the signals, failure rate of the vias, etc. Therefore, compromises 
aree made in the design lay-out and the total amount of material can be reduced in future 
designs.. The design of a prototype MCM-d is based on the existing WA97 module. The 
WA977 module consists of six LHC1 chips, i.e. 6 x 2048 pixels [65], with a total active 
areaa of 53.00 x 6.35 mm2 (guard ring not included). The prototype module should house 
sixx LHC1 readout chips as well. 

Inn figure A.4 a schematic view is plotted of a prototype module, which can be divided 
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Figuree A.3: MCM-d layers deposited onto a substrate. Five metal layers are separated by 
isolatingisolating material. 

BCB B 

thickness s 

dielectricall constant 

powerplanee capacitance (3.55 fim th h ck) ) 

3.55 -> 20/tm 

2.7 7 

0.755 nF/cm2 

T i /Cu /T i i 

thickness s 

sheett resistivity 

linee impedance 

linee delay 

2.55 [im 

100 fiQ/O 

500 n 

555 ps/cm 

Tablee A . l : Electrical and mechanical characteristics of BCB and Ti/Cu/Ti [96]. 

inn three parts: an active area, a side periphery on the short side of the module and a bus 
peripheryy on the long side of the module. 

Inn the active area feed-throughs arc needed to connect the sensor to the pixels on the 
readoutt chip. Feed-throughs are via structures through the MCM-d layers connecting 
onee metal layer with the other as discussed below. Low failure rate and cross talk is 
requiredd here. Furthermore feed-throughs should not introduce non-uniform behaviour in 
thee readout channels. 

Thee side periphery contains the connection of the module to the outside world through 
wire-bonds.. It houses a fan-out, wire-bond pads and bond pads for decoupling capacitors. 
Inn the present layout, side peripheries are foreseen at both ends of the module. It means 
thatt the inactive area is relatively large, but a periphery at both ends increases the 
testabilityy of the module (for instance, the attenuation of signals in the bus from one side 
peripheryy to the opposite can be determined). The capacitors determine the area of the 
sidee periphery, which is about 8 mm wide. The data and power lines connect the chips 
withh the side periphery. They wil l be located on the bus periphery, where also wire-bond 
padss are added to each line. In this way, the readout of the chips can be tested separately. 
Thiss periphery wil l be covered by the End-Of-Column regions of the readout chips and is 
aboutt 2.5 mm wide. 
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Thee design of both the sensor and the MCM-d structure has been carried out using 
Cadencee software. Cadence is a dedicated software package, which is largely used in 
semiconductorr industry. With this package the layout of a metal layer is drawn. Such a 
designn is then directly transferred by the vendor to a mask (section 3.3.2) for lithography. 
Notee that for a complete MCM-d layer including bus and power lines, five masks are 
needed. . 

'' capacitors / side periphery 
-- bus periphery 

Figuree A.4: The three areas of a module: active area, bus periphery and side periphery. 

A.2.11 M C M - d Layers 

AA schematic view of the build-up of the layers can be seen in figure A.5. The first deposited 
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Figuree A.5: Schematic view of the layer order in MCM-d structure. 

conductivee layer is reserved for the ground lines Vssa and Vss, separated for the analog and 
digitall  grounds, respectively. The power lines Vgnd, Vdda and Vdd will be in metal layer 2. 
Next,, the data lines are in metal layers 3 and 4 (X and Y in figure A.5). Then, there is a 
lastt passivation layer with (wire-, and bump-) bond pads on top. 

Al ll  metal layers should be as thick as 2.5 ^m to have a good conductance. Also all 
BCBB layers should be thick to have good isolation between the metal layers, except for 
BCBB layer 2. This layer should be as thin as possible to get a large capacitance between 
thee metal layers power and ground, since the capacitance is related to the inverse of the 
distancee between these two layers. However, the decoupling will not be sufficient and 
extraa capacitors on the side periphery are needed as mentioned in the previous section. 
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Feed-throughs s 

Ass mentioned above a feed-through is a staggering of vias, which connect one metal layer 
withh the other. Different types of feed-throughs have been studied in collaboration with 
IMEC,, IZM and Wuppertal [97]. The geometry determines the resistance of the feed-
throughh and the crosstalk between neighbouring feed-throughs. Both the resistance and 
thee crosstalk should be as low as possible without requiring too much space. The design 
hass implemented a feed-through as shown in figure A.6. 

:'vv Ï 

(a) ) 

Figuree A.6: Side view (a) and top view (b) of the feed-through. 

AA nice feature of feed-throughs is that the geometry of the sensor is not required to be 
identicall  to the geometry of the readout chip. The feed-throughs can be designed such, 
thatt a "re-routing" fan-in structure is formed as shown in figure A.7. Although a fan-in is 
nott included in the prototype design, such a structure can be useful in future optimisation 
off  the module. Pixels in the sensor in between readout chips (inter-chip pixels) are in this 
designn twice the size as other pixels in the sensor, because the mounting pitch of chips 
onn the module is larger than the chip itself. A fan-in could be used to design the sensor 
withh all pixels of the same size. 

readoutt chip readoutt chip 

Figuree A.7: Fan-in structure in MCM-d layer. 

Dataa lines 

Thee width of the bus periphery is determined by the width of the data bus on the X-plane, 
i.. e. ~ 2.5 mm. 

Thee bus contains 37 lines: 
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voltage e 

Vdda a 

Vgnd Vgnd 

** ssa 

vdd d 
vss s 

levell  [V] 

3.5 5 

1.5 5 
0 0 

3.5 5 

0 0 

currentt [mA] 

26-31 1 

15-20 0 

10 0 

--
--

Tablee A.2: Voltages and currents for the LHC1 chip. 

l - > 6 . . 

7. . 
8. . 
9. . 
10. . 
11. . 
12. . 
13. . 
14. . 

CSb CSb 
LV1 LV1 

FOE FOE 

RSTb RSTb 
STR STR 

CLK CLK 

RWb RWb 

SI SI 

SO SO 

chipp select for each chip 
levell  1 trigger 

fast-ORR enabled 
resett bar 
strobe e 
clock k 
read/wr i tee bar 
selectt 1 
selectt 0 

1 5 ^ 3 0.. D < 15 : 0 
31. . 
32. . 
33. . 
34. . 

35. . 
36. . 
37. . 

vvb b 
vvth th 
Vdla Vdla 

VV camp 

VM VM 

Vref Vref 
TST TST 

>> data lines 
bias s 
threshold d 
delayy adjust 
leakagee current 

compensation n 

delayy line 
reference e 
test-pulsee input 

Thee lines in the X layer run along the rim of the sensor. They should be closely packed 
andd have a width of 20 ^m and a pitch of 50 pcm. The lines in the Y layer connect the 
End-of-Columnn (EoC) of each chip with the X layer and wire-bond pads on the long side 
off  the module. The width of these lines is 30 ^m and the pitch of the lines is determined 
byy the pitch of the wire-bond pads, i.e. 200 fim. The X and Y layers of the module are 
shownn in figure A.8. 

Figuree A.8: Cadence drawing of the X and Y layers. On the bottom the high density bus line 
isis shown and on the left and right side the fan-out structure is visible. In the active area the 
metalmetal layers of 6x 2048 feed-throughs can be seen. 

Powerr lines 

Thee voltages that are needed to power each readout chip are given in table A.2. The 
powerr lines arc shown in figure A.9 and should be as wide as possible to avoid undesirable 
voltagee drops. 

Simplee calculations using the value for the resistivity of the metal layer as given in 
tablee A.l show that the width of the lines is sufficient. This is shown in figure A. 10: In 
thiss plot the voltage drop along a simple rectangular shaped bus of 1.3 mm width and 
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2.55 /mi thickness is shown for the three DC current power lines. Note that the smallest 
powerr bus in figure A.9, which is the bus for Vdda had a width of 1.3 mm. The drop 
betweenn the first and the last chip on the module is less than 50 mV. Measurements on 
thee LHC1 readout chip show that a voltage drop up to 100 mV can be accepted. It wil l 
givee a marginal threshold shift between the different chips on the module as can be seen 
inn figure A. 11. In this figure the threshold calibration is shown for different values of Vdda-
Forr the power lines for the digital part of the chip (Vda and Vss) the self-inductance is 
moree important than the DC-current resistance. 

Figuree A.9: Cadence drawing of the power layer containing V,!mi,Vdda and Vdd-
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Figuree A. 10: Calculated voltage drop of VJJ,, (a), VgnA (b) and Vasa (c) at the chips on the 
module.module. Note that Ignd and Issa are return currents, so the voltage drops from chip #6 to chip 
#1-#1-

Thee readout chips need to be shielded from radio frequent noise, which could enter 
throughh the power lines. Decoupling capacitors are therefore needed to decouple Vdd 

fromm Vss. Vdda from Vssa and Vgnd from Vssa. Based on the experience with the WA97 
module,, each decoupling requires two capacitors of 2.2 /iF. The smallest size capacitors 
arcc surface mounted devices (SMD) and measure 3.5 x 2.75 mm2. The capacitance of 
thesee SMDs is 2.2 pF. Another decoupling is needed between the sensor bias and Visa-
Here,, the decoupling can be smaller: 0.1 //F. This capacitor measures 2.1 x 1.3 mm2. As 
cann be seen in figure A.4, the SMDs introduce a large amount of extra inactive material. 
Solutionss for this are not found yet, but integration of capacitance in the MCM-d layers 
themselvess is actively being studied. Thin but reliable, high voltage isolating layers are 
needed. . 
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18000 2000 2200 2400 2600 2800 
vthh [mV] 

Figuree A.11: Threshold calibration of a LHC1 chip at different values of V^da-

A.2.22 Sensor layout 

Thee active area wil l be the same as the active area of the WA97 modules. The inactive 
areaa underneath bus and side periphery wil l have two possible geometries as described in 
thiss subsection. 

Modules s 

Thee first option, called MCM-float, will be a straightforward option. In this case the bus 
andd side periphery do not have any metallisation or implants underneath the busses. The 
potentiall  of this area is "floating". In the second option (MCM-tub) the area of the bus 
andd side periphery have implants and a metallisation layer, surrounded by a guard ring. 
Thee metal is connected through vias and wire-bonds to the outside world and can be 
broughtt on any potential. In addition one can choose to connect this region to the guard 
ring.. In this way it can shield the active area from noise that might be introduced by the 
powerr lines in the bus. The design is shown in figure A. 12. 

Figuree A.12: Drawing of the MCM-tub sensor substrate. In the MCM-float design the area 
thatt surrounds the active area is absent. 
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Singlee chip assembly 

Besidess modules, also single chip assemblies have been designed. Single chip assemblies are 
usefull  to study a simplified version of the modules. Two versions of a single chip assembly 
aree designed: a small sensor, called type I and a larger one, called type II . The type I 
sensorr has in addition (compared to the single chip assemblies as described in chapter 3 
andd 4) of feed-throughs on the sensor, whereas type II has besides feed-throughs also the 
Y-layerr added as shown in figure A. 13. This implies that type II is read out the same way 
ass the modules: wire-bonds are connected from the MCM-d layer to the outside world. 
(Thee smaller assemblies have wire-bonds from the readout chip to the outside world). 

Singlee chip assemblies allow studies on simplified MCM-d layers, because the only 
complexx feature which is added are the feed-throughs. A good comparison can be made 
betweenn the assemblies with and without feed-throughs. This allows the study of the 
impactt of feed-throughs on efficiency, signal variation, etc. 

sensor r 

I I I I I 
readoutt chip 

readoutt chip 

I I I I I 

sensor r 

Figuree A.13: Two versions of single chip assemblies: type I (left) and type II (right). 

A.2.33 Wafer Layout 

Ass for the WA97-modules, the sensors described in the previous section were planned to 
bee produced on four inch wafers. The wafer consist of the following cells: 

1.. 2 modules, type MCM-tub 

2.. 2 modules, type MCM-float 

3.. 5 single chip detectors for LHC1 chip 

4.. 10 small single chip detectors for LHC1 chip 

5.. 2 single detectors for Medipix 

6.. 1 " 2 x 1 module" for Medipix 

Listedd here, but not mentioned yet, are the structures for the Medipix1. The MCM-d bus 
structuree can be applied to pixel detectors for medical applications as well and hence the 
designn for Medipix structures reside on the same wafer. Furthermore, test structures and 

'Medipix:: Pixel detectors for medical applications 
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aa test diode (to monitor the leakage current during processing) were added to the wafer 
design.. Finally, a 5 mm clearance from the edge is needed for safe handling of the wafer. 

Thee complete sensor wafer is as shown in figure A. 14. A similar wafer layout exists 
alsoo for the MCM-d layer design. 

Figuree A. 14: Sensor wafer layout, showing all the cells in the design. 

A.33 Realisation and outlook 

Ass mentioned before, the prototype MCM-d module did not turn into realisation. How-
ever,, pilot studies were carried out by the vendor and a design was made for the full func-
tionall  prototype MCM, which is described in this chapter. The vendor for this project was 
IMEC.. but also other vendors on the European market are becoming active in this field. 
Att the time of writing, the University of Wuppertal has successfully carried out a design 
off  an MCM, which is produced by IZM, Berlin [95]. Preliminary results are promising, 
showingg low defect rate of feed-throughs (< 10~5) and low bump bonding defect rate. A 
dummy,, bonded prototype is shown in figure A. 15. In these pictures the feed-throughs 
cann clearly be seen. This means that the technology is proven to work, which was a reason 
too select MCM-d pixel models as a baseline option for the Atlas B-layer. 
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Figuree A. 15: Feed throughs on a bumped substrate in MCM-d prototypes (courtesy Fraunhofer 
IZM,IZM, Berlin). Here the BCB is etched away for better visualisation. 
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