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1 Introduction

The basic electrical subunits of the CDF Silicon Vertex Detector (SVX), are called the
“ladder modules”. Each consists of three silicon detectors serially bonded together to form
a long (25.5 em) sensitive strip which is finally bonded to the input of an SVX readout
chip. This document describes the procedures by which these modules were electrically
assembled and tested. It is organized in the following way. In Section 2 we describe the
configuration of the ladder modules themselves. The overall assembly sequence is outlined
in Section 3. In Section 4 we focus on the high density wirebonding procedures. In Section 5
the tests applied to the assembled and bonded ladders are discussed. The testing results
are summarized in Section 6. Some of the ladders modules had individual regions with high
leakage current. Often this resulted in a collective effect on neighbouring strips we dubbed
the “black hole”. These effects and their treatment are discussed in Section 7. Finally in
Section 8 conclusions are given.

2 Description of the Ladder Modules

In this section we give a short description of the mechanical and electrical configuration
of the SVX ladder modules. A general description of the entire SVX detector is given in
references [1] and [2].

2.1 Configuration

There are four types of ladder modules used in the SVX detector, one for each layer. These
are differentiated by the number of strips they contain (256 strips for layer 1, 384 strips
for layer 2, 512 strips for layer 3, and 768 strips for layer 4). Here we keep to the original
construction numbering scheme for layers of the SVX detector. Note that for purposes of
offline analysis in CDF the layers are instead numbered from 0 - 3. This is unfortunate. The
readout of the current from the strips is done with the SVX readout chip (Rev. D) [3, 4].
Each chip has 128 inputs. On layers 1, 2, 3, and 4 we used 2, 3, 4, and 6 chips respectively.
The mechanical dimensions and layout of the ladders are shown in Figures 1a and 1b. Each
ladder module consists of three silicon detectors, a readout hybrid circuit called “ear” to
hold and serve the SVX chips, and a composite backing which was fabricated from Rohacell
foam (polyanacriline), epoxy, and carbon fibre strips. In the SVX detector array all the
ladders are supported between two sets of beryllium rings called the “bulkheads”, At one
end, the ladder is connected to a bulkhead by a screw through a precision hole in the readout
ear. To mount the opposite end a smaller piece of ceramic, the “dummy ear”, is integrated
into the ladder structure as well. This piece is patterned with a wire-bondable gold film
and used to neutralize certain bad strips. This issue is discussed further in Sections 4 and
7 below.

Each ladder was identified by a unique number. This number was a composite of the ear
serial number and the chronological ladder mechanical assembly number. A typical number
would be “072-1A021" where “072” was the order of construction and “1A021” means layer
1 ear, version “A”, assembly number 21.



Stages of the ear construction Mass of the ear at each stage
Layer 1 Layer2 Layer3 Layer4

Printed substrates, without parts and cable 255 ¢
Ears with parts and cable, without SVX chips 327 ¢
Fully assembled ears 1359 1.78g 225¢9 360g

Table 1: Material budget of SVX ears

2.2 Readout Hybrids

The assembly process of the readout ears is discussed in Section 3. Corresponding to the
ladders there were four versions of the these hybrids [5]. Layers 1, 2, and 3 were fabricated
in 0.015” AIN (aluminum nitride), while layer 4 was fabricated in 0.025” AIN. This unusual
type of substrate was chosen for its good thermal conductivity (about 5 times higher than
for the more commonly used Al;03). Circuitry was patterned on both sides with through
hole connections using a thick film technology. A larger number of layers were printed on
the top side (SVX chip side) and consequently a small bowing of approximately 0.001” was
measured due to the higher coefficient of thermal expansion of the circuit dielectric layers
over the AIN substrate. For layer 4, which had the largest aspect ratio, the thicker substrate
material was chosen to limit this bowing.

The basic function of the ears was to distribute power, ground, and signals to the SVX
chips. In addition, the ears contained bypassing capacitors for the power lines, resistors to
set the current in the SVX chip integrator, and a simple RC filter for the detector bias line.
An electrical schematic of the ear is shown in Figure 2.

In the design of the ear a natural tradeoff occurred between the minimization of material
(radiation lengths) and the need for mechanical and electrical stability and reliability. Con-
sequently, the substrate thickness was less than the fabrication vendor recommended. This
led to occasional breakage of substrates and the adoption of particular handling procedures
during processing. The material budget of the ear is given in Table 1.

The production yields of the hybrids was reasonably high especially after institution of
good quality control and inspection procedures during processing. Typically 10 — 15% of the
printed substrates would have random electrical defects. Following this another 10 — 15%
of the parts would be lost at each major assembly juncture (mounting of solder components
and cables, die attach and wirebonding, electrical test). We usually printed 100 substrates
to have finally 40 fully assembled and functional units plus some unassembled spares.

2.3 The SVX Chip

Because much of the performance evaluation and testing of ladders discussed in this note
is determined by the properties of the SVX chip we will describe it briefly here.

The SVX chip is a mixed analog and digital signal processing circuit. Revision D,
which is used in the final SVX system, was fabricated in 3 g CMOS technology. The
CMOS process used was not radiation hard. A new version of this chip now exists which
is radiation resistant and it is called SVX Revision H3. A block diagram of the SVX
chip and timing pattern is shown in Figure 3. The chip contains 128 identical channels of
charge integration, voltage amplification, sample and hold, and comparator/latch. These



are followed by a priority encoding circuit which allows a multiplexed analog readout to
select only those channels for which the latch is set (or not set). This selective readout
mode is called “sparse”. Optionally, a global latch line may be asserted forcing a readout
of all channels. This mode of readout is called “latch all”. When the chip is read out, the
address of the channel currently being read appears on a 7 bit address bus along with the
corresponding analog level.

The charge integrator consists of a single cascoded stage with a reset switch. Con-
trary to usual practice, the output is taken off the center which is a relatively high output
impedance in order to limit the preamplifier bandwidth and consequently the noise. The
charge integrator operates off a supply voltage between 0 and 6 V. The input reset point
is at 1.1 V. The cascode current can be set by an external resistor, one per chip. The
standard operating current is between 80 and 100 uA per channel. The input to the inte-
grator is protected by back to back diodes between 0 and 6 V. The integrator has a gain
of 3.5 mV/fC and is followed by voltage gain stages such that the total gain product is
15 mV/fC. A test input per chip is provided with a calibration capacitor of 60 fF.

The SVX chip was designed to read out DC coupled silicon detectors. In order to have
an efficient threshold comparison on a channel by channel basis it is therefore necessary
to subtract the baseline shift due to varying strip to strip leakage current which will be
integrated during the sampling time. This process is accomplished in the SVX chip through
a quadruple sample and hold process. In this process the charge is integrated twice (once “on
beam” and once “off beam”). The results of these two integrations are subtracted. If any
particles had passed through the detector “on beam” an excess would remain at the nearest
strip. In a charge integration and sample and hold circuit one integration from time t; to
time ¢ would require two samples. This is called a double sample and hold measurement and
an example is the CDF calorimetry before/after process. The leakage current subtraction
described here requires two integrations and is consequently a quadruple sample and hold
measurement.

In performing a quadruple sample and hold operation and reading out sparse data
there are a number of options which may be selected. In addition to the latch all feature
describe above, the SVX chip has the ability to read out either channels which are above the
reset point of the latch (“postive sparse”) or below the reset point of the latch (“negative
sparse”). These options are selected by a bit set during chip initialization. Furthermore
the user has a choice whether to integrate during collisions in the first or second of the
two integation periods which comprise the quadruple sampling. The overall analog transfer
function is an inversion of the voltage stored during the second integration period minus the
first integration period. If holes are collected from the silicon strips and a particle passes
through the detector during the first (second) period the analog out will increase (decrease)
with respect to it’s reset point.

When the analog system noise is measured, a double sample and hold will increase the
intrinsic preamplifier noise by a factor of v/2 for frequencies which are short compared to
the inverse of the integration time. A quadruple sample and hole will contribute another
factor of v/2 to double the intrinsic noise. In Figure 4 we show the equivalent input noise
(output noise voltage converted to input charge) of the SVX chip as a function of detector
capacitance for both a double and quadruple sample and hold measurement. The fully
bonded SVX ladders correspond to about 30 pF' of detector capacitance.

The behaviour of the comparator circuit in the SVX chip which controls the sparse
readout will be affected by the electronic noise. Rather than having a perfectly sharp
transition at threshold, the transition will be spread. The threshold value and its width



can be measured by performing a quadruple sample and hold integration and observing the
fraction of time a particular channel appears in the readout as the test input charge is varied
for one of the two integration periods. A typical channel response is shown in Figure 14. It
is possible to unfold the width of the underlying gaussian noise distribution from this curve
by a method discussed in Section 5 and the Appendix. For good channels this quantity is
0.4-0.5 fC which corresponds to the quadruple noise shown in Figure 4.

The absolute value of the threshold itself is a quantity which will be affected by chip to
chip variations in internal offsets, errors in the leakage current subtraction due to timing and
preamplifier saturation, and parasitic charge injection related to the layout of the electrical
system on the SVX. The requirement for efficient operation of the detector is to keep these
variations at the same level as the threshold width. This is discussed further in Sections 5
and 6.

2.4 CDF Silicon Detectors

The silicon detectors used in the ladder construction are DC coupled and single sided. For
layers 1, 2 and 3 the strips are on a 60 ym pitch. For layer 4 they are on a 55 um pitch.
The bonding pad pattern is indicated in Figure 5. The processing steps used in fabrication
were optimized for low surface leakage current. In particular, a final sintering step at 400 C
in forming gas served to lower the average strip leakage to 300-500 pA for an 8.5 ¢cm strip
at 20 C. Consequently the full leakage for a ladder strip was less than 2 nA. The detectors
all have fully enclosing guard rings which were always grounded though the preamplifier
ground on the SVX chip. Typical guard ring currents are much higher than single strip
currents, in the few hundred nA range. It is important that the total detector current
(including the guard ring) not be too high because shot noise can cause large fluctuating
voltage drops across a 10 k{Q filtering resistor which is in the bias line. The drops will cause
charge to be injected into the SVX chip through the detector capacitance which will appear
as common noise on all read out channels connected to that detector.

An acceptance specification was applied to the silicon detectors used in the SVX. There
were four basic categories (GOLD, SILVER, BRONZE, and FAIL) which are defined in
Table 2. A basic principle of this specification was to limit the number of strips with
current above 70 nA. These are useless and had to be skipped during wirebonding.

3 Assembly Sequence

This section describes the assembly sequence of the ladder modules, which is also sketched
in Figure 6.

The silicon microstrip detectors used for the SVX were manufactured by Micron Semi-
conductor (United Kingdom). The manufacturer measured depletion voltage and individual
strip currents and interstrip resistances for all strips. The detectors were shipped to Fer-
milab, where they were visually inspected and then all strips were probed again for leakage
current and interstrip resistance. Generally the Micron and Fermilab measurements were
in agreement although sometimes additional bad strips were identified at Fermilab. Disk
files were kept of the strip leakages for all strips as well as ladder composites for the chosen
triplets. In the case of bad strips detailed current-voltage characteristics were often saved
as well.

The SVX readout chips (revision D, 3 ym CMOS technology) were manufactured by
Hewlett—Packard Corporation. The wafers were fabricated in a four inch technology at



[ Layer 1 | Layer 2 | Layer 3 | Layer 4
GOLD | Max. # of strips with I > 75 nA 1 1 2 2
Max. # of strips with I > 10 nA 2 3 4 6
SILVER | Max. # of strips with I > 75 nA - 1 2 3
Max. # of strips with I > 10 nA = 4 5 9
Max. # of strips with I > 75 nAd 2 2 4
Max. # of strips with I > 10 nA 3 4 6 10
OR

BRONZE | Max. # of strips with I > 25 nA 0 0 0 =
Max. # of strips with 7 > 10 nA 5 7 10 -

OR :
Max. # of strips with I > 400 nA - - st 0
Max. # of strips with 7 > 10 nA - - = 5

Table 2: Acceptance specifications for the SVX silicon detectors

the HP Corvalis, Oregon facility. Each wafer contained 110 SVX chips. Each wafer was
evaluated at LBL using an automatic probe station. The chips were tested for basic digital
function, power supply currents, noise, gain, and analog offset level, sparse readout, and for
the presence of dead channels. Although the yield differed from wafer to wafer, typically
50 - 60 % of the chips were perfect. Notably, on a subsequent production run of the same
chip for another customer the yields dropped to 15 % for no identifiable reason.

The printing and assembly of the four different readout hybrids was performed at Promex
Inc. (Santa Clara, California) using the multilayer thick film technology on AIN substrates.
After basic continuity checks of the boards, electronic components were mounted, a small
kapton cable (to communicate with the data acquisition) was soldered to the external end
of the board, and the SVX chips were attached and wirebonded. The chips attached to
the same hybrid were selected in groups that had DC analog levels within 7 mV of each
other. Then these multichip modules were brought back to LBL where their main electrical
features (response to charge injection, stability, chip ID, channel addresses, positive sparse,
negative sparse) were checked. Finally the readout boards were brought again to Promex
for wire encapsulation, and then back to LBL for further electrical testing and burning in.
The standard burn—in was to operate the modules at room temperature under clocking for
100 hours. No modules failed after this burnin.

Once ready, the readout boards were shipped to Fermilab where the mechanical assembly
of the ladder modules was performed. The 3 detectors used for each module were matched
to have similar depletion voltages. Furthermore, detectors were selected from among the
acceptance categories GOLD, SILVER, and BRONZE to distribute bad strips as widely as
possible amoung the ladders. The assembled ladders modules were then sent back to LBL.

The wirebonding took place at Promex, where the corresponding strips on adjacent
detectors of the same ladder were electrically connected to each other, and then finally to
the input of the corresponding channel on an SVX chip. The last step of the assembly of
the ladder modules took place at LBL, where the back side of the detectors were connected
to a bias pad on the back of the ear board. The ladder modules were then ready to undergo
electrical testing, burning in, and eventually black hole fixing in some cases.

Finally the ladders were shipped back to Fermilab to be mounted on the SVX bulkheads



to form the two barrels of the final detector. At Fermilab the ladders were all retested
twice, before and after mechanical survey was done to check for any slow shifts in detector
positioning.

4 Wirebonding

The SVX ladders were wirebonded on a Kulicke and Soffa Model 1470 aluminum wedge
bonder with a 30 degree wire feed. Although this machine had an automatic (programmable)
bonding capability this was not used. All bonding was done in manual mode. The operator
selected the first and second bond locations using crosshairs on a video monitor. After the
second location was selected, the machine enacted the full bonding cycle. All bonds were
done with a 1 mil diameter wire (99% Al, 1% Si). The bonding tool used was a Gaiser
2131-2025 (see Figure 7).

4.1 Bonding Parameters

We sought to minimize bonding power, time, and force to avoid damage to the silicon
detectors. Damage to the detector could include microcracks in the junction, scratches and
cracks in the oxide layer, and delamination of the bond pad. A particular parameter set is
machine dependent even for the same model machine. For our machine the parameter set is
given in Table 3. These can be interpreted somewhat absolutely by referring to Figures 8a
and 8b.

4.2 Fixturing

A considerable effort was made to optimize the bonding fixtures used to support the ladders
during bonding. The main issue was to rigidly support the silicon underneath the bonding
point. If this is neglected, the silicon can yield under the wedge and bonding energy will
be inefficiently transferred to the pad and wire. An example of the fixturing is indicated
in Figures 9 and 10. Note the platforms under the bond area. The visible holes were for
a vacuum which held the ladder down to the fixture. These fixtures were made of steel to
prevent any small dents or nicks from forming which could affect the planarity of the fixture.
During the bonding process the entire machine recoils against the rotating bond head. The
bonding fixture was held rigidly on a pedestal so that it would not move independently of
the rest of the machine nor oscillate due to the impulse. After a bonding session the fixture
was removed and cleaned with acetone and blown dry. It was always stored in a plastic bag
to prevent any rusting.

4.3 Procedure

The bonding procedure was guided by a bonding log and checklist which was followed
for each ladder. A sample log is shown in Figure 11. Bonds were made on two levels
(inner/outer). On each level we consequently bonded on twice strip pitch spacing for that
detector type. Strips that were measured to have a leakage current in excess of 70 nA were
not bonded to the SVX chips. After all the inner bonds were completed the ladder was
removed from the machine and inspected under a microscope. Occasionally there would be
shorts between adjacent wires which were easily separated with a fine needle. Sometimes
the bonding machine would miss the pad and the bond would actually be on the silicon



Bonding hardware

Machine manufacturer | Kulicke and Soffa
model 1470
30 degree wire feed
Tool (see Fig 7) Gaiser 2131/2025
Wire diameter 1 mal
material 99% Al, 1% Si

] Bonding parameter settings -+

Bonding mode B | Manual |
Clamp control Open at tear
Overtravel (OTV) 7
Ultrasonic generator LO-LO
Ultrasonic power (see Fig 8a) first bond 4.8
second bond 5.0
Time first bond 45
second bond 40
Velocity (CVL) first bond 7
second bond 7
Loop height inner wire, detector to chips 35
(see Fig 8b) outer wire, detector to chips 80
inner wire, detector to detector 30
outer wire, detector to detector 50

Table 3: Bonding conditions and parameters




dioxide between pads. In this case the operator would pull the bond off with a small chisel
like tool. This could usually be done cleanly and the missed bond could be redone (see
section below on problems). After this inspection the upper bonds were done followed by a
similar inspection. Microbonds were also made to connect the guard ring of each detector
to a ground pad on the SVX chips. The typical time for the entire process depended upon
the ladder type and was approximately 2 hours for layer 1, 2.5 hours for layer 2, 3 hours
for layer 3, and 4 hours for layer 4. A total of 122 ladders were bonded (excluding tests),
representing nearly 175,000 microbonds.

4.4 Problems

A number of problems were encountered during the wirebonding process worthy of note.

e Falling wires. If wires were too long they failed to hold a stable arc and would short
to neighbors. A study of this indicated that the maximum reliable wire length was
0.140".

e Misaligned bonds. Occasionally the machine would place the wire clearly off the
targeted pad center. If the bond foot was more than about 25% off the pad we would
remove the wire and rebond.

e Missing wire. Occasionally the machine would loose the wire and hit the detector
on the silicon dioxide next to the pad. Two small marks would appear corresponding
to the edges of the tool. This was very bad because that spot would generally source
a large surface leakage current due to the induced defect in the oxide, eventually
creating a black hole (see Section 7).

¢ Bonds not sticking. There were cases in which bonds would not stick to the ladder.
In a number of instances this occurred after the machine had been used for a different
job. Usually by putting in a new wedge or new spool of wire this could be fixed. On
one ladder we were unsuccessful in bonding at all. Close inspection revealed brown
spots on the bond pads which Micron later suggested might be nitric acid damage.

The only implication of these problems, is that sometimes good channels could not be
connected to the front-end electronics, or got damaged by the bonding process. The rate
of these problems still remained very low, as can be seen from Table 4.

4.5 Yield

Table 4 shows that among the 125 ladders that we put on the bonding machine, 108 ended
up to be working ladders; in other words the electrical ladder assembly and testing had an
overall yield of 86.4%. The losses were due to electrical failures observed after wirebonding
(8.8%), accidents during which ladders were damaged or broken (3.2%), and situations
where we failed to perform the wirebonding (1.6%).

5 Testing Procedures

Almost all the electrical tests made at LBL on the ear boards and the ladders consisted
of automatic procedures driven from a computer. The data acquisition involved in these
tests was made through a CAMAC interface, and a computer program calculated for each



| Layer 1 | Layer 2 | Layer 3 | Layer 4 |

Number of SVX production ladders built Y 33 32 33 31
... built misaligned or broken before bonding =1 -1 -2

Number of ladders put on bonding machine 32 31 31 31
...unbondable =1 =1
... broken by accident during bonding -1

Number of bonded ladders 32 29 31 30
...not working at all after bonding -2 -1 -3 =1
... partly not working (one chip failure) -1 -1
... with bad impedances on input lines -1 -1

... broken by accident after bonding -1 -2
Number of ladder functioning reliably 30 27 25 26
...BH fixed by strip disconnection only 1 1 3

...BH fixed by strip connection to guard ring 1

... BH fixed by strip connection to dummy end 2 3 7 13
... fixed (but not because of BH) 1 1
Number of ladder used in the final SVX system 24 24 24 24
...BH fixed by strip disconnection only 1 3

...BH fixed by strip connection to guard ring 1

... BH fixed by strip connection to dummy end 1 3 7 11
... fixed (but not because of BH) 1 1

Table 4: Ladder yields



channel a number of characteristic quantities which were saved on disk in direct access files
(HBOOK4 RZ files). The data contained in these files could then be graphically displayed
or analyzed to look for bad channels. The results of these tests also allowed us to identify
the strips that were responsible for black hole effects.

Before assembling an ear board to silicon detectors, the following testing procedure was
applied to make sure the ear was functional:

a) check of the digital lines and of the response to charge injection;
b) burn in of the ear board for 100 hours and then checks a) again.

The sequence for the ladder testing procedure was more complete and involved -quanti-
tative measurements as well: F

a) check of the impedances to ground on the output and control lines. If any input had
suffered static charge damage it would have typically a small impedance to ground.
Good inputs were always in excess of 400 kQ2 to ground.

b) check of the digital lines;

¢) measurement of some characteristics of each channel of the ladder; the following quan-
tities were measured for each channel and the results saved to disk files:

e charge gain and offset in double sample and hold mode;

o charge gain and offset in quadruple sample and hold mode;

differential noise in double sample and hold mode;

differential noise in quadruple sample and hold mode;
o leakage current;

e sparse threshold and RMS of sparse threshold;
d) if needed, black hole fixing, and then measurements c) again;
e) burn in of the ladder module for 100 hours, and then measurements c) again;
f) if needed, black hole fixing, and then measurements c) again.

Steps b), c), and e) were performed at “full bias voltage”. The full bias voltage was
defined for each ladder as the maximum (or sometimes the average) value of the 3 detector
depletion voltages, plus 15 V.

In the rest of this section, we describe the testing and burn in setup and then give a
complete description of the measurements that were made on the ladder modules. The
results of the tests, the interpretation of the data and the black hole fixing process are
described in further sections.

5.1 Setup for Ear and Ladder Testing

The SVX testing setup at LBL consisted of two almost independent testing stations, one
for ear boards and another one for ladder modules, each including a testing box connected
to the two key CAMAC modules that allow the operation and readout of the SVX chips,
the SRS and the SDA [6]. Figure 12 shows the setup used to test ladders.
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The ladder testing box allowed us to operate 6 ladders simultaneously (all the chips are
daisy chained like in a SVX readout wedge). In that box, each ladder was mechanically
supported on its readout ear and dummy ear boards. The small flexible kapton cable
coming out of the ear was connected to a test cable (also flexible kapton) that hooked
up to a testing “mother cable”. This mother cable was common to all the ladders in the
box and transmitted input and output signals between the ladders and the port card also
located in the testing box. The port card is a circuit which provides a number of support
functions to the SVX ladders. These included digital interface and transmission, analog
driving, calibration, and power regulation.

The electrical contacts between the ear board cables and the test cables were made with
G10 plastic clamps identical to those that are used to connect the ladders to the real SVX
mother cable. The port card used was a prototype version of the'final SVX port card; since
this prototype didn’t carry the bias voltage lines, the box needed separate connectors for
the bias voltages to be applied to the ladders.

The ladder testing box was initially equipped with a water cooling system although it
was not finally necessary to flow water, because the metallic supports of the ear board were
large enough to take away the power dissipated by the SVX chips (less than 0.2 W each).

It was also possible to flow dry air inside the testing box, and this had to be done
constantly in order to obtain consistent measurements of the ladder properties (ladders
are very sensitive to air moisture). In particular a subset of the ladders showed particular
sensitivity to moisture. These ladders would have large leakage currents, especially near the
edges, which persisted for up to one hour in a dry atmosphere. After that drying out period
they behaved more like typical good ladders. Because of this easy improvement we never
used this moisture sensitivity as a criteria for rejecting a ladder. Later during operation of
the SVX detector in CDF, most of these ladders showed anomalous surface currents again.
This effect, which in the end was more annoying than significant in terms of the successful
operation of the detector, will be the topic of a forthcoming note.

Finally, since the SVX chips are photosensitive, the box was designed to be hermetic to
light.

The SRS and SDA CAMAC modules were connected to the port card through a special
receiver module. The SRS (SVX Readout Sequencer) generated all the input signals for the
SVX chips and the SDA (SVX Data Acquisition module) collected and digitized the data
sent back by the chips. The receiver module transmitted the signals between the SRS/SDA
modules and the port card; it required also as input a voltage used to inject charge in the
chips. This calibration voltage could be supplied by a DAC that was located in the same
CAMAC crate as all the other modules.

The ear testing station is very similar to the ladder testing station. The corresponding
testing box allowed to operate 16 ear boards at the same time and also had its own prototype
version of the port card.

Finally an oscilloscope was used to display the signals received from the ears/ladders on
the analog output line or on the digital lines.

The two stations could be operated simultaneously (and independently) during the burn
in of ears and ladders. However, when doing measurements using analog information from
one of the stations, the other station had to be turned off to avoid picking up noise from
the other SRS clocking in an asynchronous way in the same CAMAC crate. This limitation
had a negligible influence on the efficiency of the whole testing setup.
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5.2 Digital Checks

The purpose of these checks were the following:

o verify that the chips can be operated and read out;

e verify that the individual channel addresses within each chip follow the correct se-
quence from 0 to 127 (7-bits addresses) in latch all mode;

o verify that a chip ID (6 bits) can be stored successfully in each chip.

These checks were performed by running into the SRS a two step program. During
the first step all six chip ID bits of all chips are set to 0, and then a readout cycle was
performed (in latch all mode) to check that a chip ID of 0 was returned by each chip and
that all channel addresses were correct. The second step was similar, except that all six chip
ID bits were set to 1, and that the chip ID returned during the readout cycle was checked
to be equal to 63.

As shown in Table 4, some ladders or chips didn’t work at all after wirebonding. For the
other ladders modules, the yield of these tests was very good; most of the failures observed
were in fact fake failures due to a bad contact between the ear cable and the test cable and
these digital checks were practically in most case a check of the kapton cable connections.

All working ears and ladders successfully passed these digital tests, except one ear/ladder
that has a single channel that cannot be readout, even in latch all mode, probably due to
an internal failure in the corresponding chip. Chips with such failures had normally been
rejected when they were tested on the wafers; this particular chip escaped that quality
check, or it developed a failure after the wafer testing. Since the ladder on which that chip
was mounted was otherwise a good ladder (above average) we decided to use this ladder in
the final SVX detector. Subsequently the missing channel reappeared during operation of
the full SVX detector for colliding beams at Fermilab.

5.3 Gain and Offset Measurements

The measurements of gain and offset are a basic quality test of the analog signal coming
out of the SVX chips. The results of these measurements were a “calibration” of the device,
in the sense that they allowed us to establish a relation between the voltage on the analog
output line, V°%, and the charge deposited in the silicon by a particle passing through a
ladder.

Charge injection was made by sending a voltage step, V%, on the calibration line of the
ladder; for each channel in that ladder, this voltage step was converted into a charge by a
capacitor, C®, The exact value of C% lays within 10% of a nominal value of 60 fF, but
the difference between the calibration capacitors of any two channels in the same ladder
was believed to be negligible; therefore, the injected charge,

Qs'n.j — Ccalvcu! (1)

was the same for all the channels of the ladder.

The relation between V% and V% was expected to be linear in some range. Therefore,
for a given operation mode of the SVX, two calibration constants had to be determined for
each channel: the gain G(V) (or G(@ = G(Y)/C) and the offset V°//. The linearity of

the response is expressed as:

Vaut - Va!! _+_G{V)Vcai . Voff zR G(Q)Qinj X (2]
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The nominal values of the offset and the gain are determined by the SVX chip properties,
but the real values for a given channel are affected by the leakage current that is present on
the strip connected to that channel: this leakage current directly affects the offset Vveolf in
case a double sample and hold is performed (because the effective injected charge is equal
to the sum of @™ and the charge due to leakage); furthermore, if the leakage current is
high enough, the amplifier may saturate (and thus depart from its linear response) and this
will result in a change of the gain G(V) which may eventually go to zero.

The gain and offset measurements were performed by stepping through M different
values of V@, At each step j, corresponding to a voltage step V;-"“" on the calibration line,
N events were read out in latch all mode. Then, for each individual channel, the mean
values of the voltage on the analog output line was computed over these N events. This
average (pedestal) was computed as

N
VPt = o Yoo ©
N i=1

where v;; was the voltage read out on the analog output line during event ¢ of step j
for a particular channel (v;; was computed as a linear function of the number of ADC
counts). After all the steps are completed, the gain G) and the offset V°// of each
individual channel were computed as the slope and intercept of a linear fit through the
points (Vel, Vout),

Practically, we used M = 10 steps (with values of Vf“' equal to 50, 100, 150, 200, 250,
300, 350, 400, 500, and 600 mV) with N = 10 events each, and the straight line fits were
restricted to the first 5 points, because of a possible saturation of the amplifier chain. The
gain and offset of all channels were measured (and saved to disk) for two different SVX
operation mode, double and quadruple sample and hold, each with a 1500 ns integration
time interval.

Figure 13 shows three typical analog responses to charge injection for both a) a double
sample and hold program and b) a quadruple sample and hold program. The points are
measurements of V°% as a function of Q" done on channels 042, 197 and 219 of ladder
106-4B032 (channels are numbered from 1 to 768 on this ladder, according to readout
order). The straight lines are the linear fits done on the first 5 points (region where the
lines are solid). As can be seen from that figure, channel 219 is a good channel, with low
leakage current: its response for a double or quadruple sample and hold mode is about the
same, showing that the leakage current does not provide a significant amount of charge at the
amplifier input. Channel 042 has a low pedestal in double sample and hold operation mode,
very likely due to a significant leakage current contribution; at high values of injected charge,
the response even becomes nonlinear, indicating that the amplifier is starting to saturate.
However, the leakage current contribution is reasonably taken out in the quadruple sample
and hold mode, and channel 042 can be considered as a good channel when operated in
this mode. Channel 197 has a very low gain both in double and quadruple sample and hold
modes: it's a dead channel; the leakage current in this case is so big that it saturates the
amplifier which becomes almost insensitive to an additional injected charge.
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5.4 Noise Measurement

We define the noise on the analog output of a given channel as the standard deviation o,
of the analog output voltage v for that channel:

0'3 =02 -7, (4)
Practically, the quantity o, can be estimated by computing the root mean square value of
the analog output voltage of the considered channel over a big number N of events. This
noise corresponds to a fluctuation of the analog output level; if the charge gain G(?) of the
amplifier is known (see gain and offset measurement), this fluctuation can be expressed as
a fluctuation of the input integrated charge; we thus also define a noise

Ty
aQ = W (5)

that can be expressed in fC or in units of the electron charge.

This measurement can be done in either double or quadruple sample and hold modes.
The noise measured with a quadruple sample and hold program is expected to be higher
than the noise measured with a double sample and hold program by a factor v/2, because the
analog output for a quadruple sample and hold program is the difference of two independent
voltages that have the same standard deviation as the analog output for a double sample
and hold mode.

The noise measurement is ideally a check of the electronic noise of the SVX chip ampli-
fiers. The expected value of this noise with a full 30 pF' detector capacitance is 20002500
electrons for a quadruple sample and hold. In a practical measurement this noise may be
increased by a number of effects. Because of the specific modes of operation of the SVX chip
different sources of additional noise will appear in particular ways. The SVX chip works by
integrating charge in parallel on all inputs for a period of roughly 1 us. Following this, each
channel (or each latched channel) is then read out serially. Any one channel is typically
driving the output bus for roughly 2-3 pus. The entire length of the readout scan depends
upon the number of channels being read but for a Layer 3 ear would be typically 1-1.5
ms. These two operating modes and time scales determine the susceptability of the system
to additional noise. High frequency noise which occurs during the parallel integration of
charge will appear as a coherent shift on the analog output of all channels read out in a
particular scan. A typical source of this noise would be fluctuations on the bias line of the
silicon detector. The detector looks to the preamp as a capacitor in parallel with the input
with a rough value of 1 pF. Low frequency noise (such as 60 Hz line noise) which occurs
during readout will also appear as a coherent shift on the analog output of all channels
read out in a particular scan. Finally noise with a frequency close to the readout clock but
out of synchronization will appear as incoherent noise on a sequence of read out channels.
All these sources of additional noise can to some extent be limited by the testing setup,
grounding, filtering, and power distribution systems.

Because of the potential susceptibility of the system to external noise we defined also the
“differential noise” of a given channel as 1/v/2 of the standard deviation of the difference
between the analog output voltage v for that channel and the analog output voltage v’ of a
neighbor channel:

w—v)-v—0"

5 (6)

di
(og 1) =
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Practically, the quantity o%"// can be estimated by computing the root mean square value
of (v — v')/v/2 over a big number N of events. The differential noise can also be expressed
as a charge,
oS = il (7)
Q G(@Q)

and be measured for the two different modes of operation. Again, the differential noise
measured with a quadruple sample and hold program is expected to be higher than the dif-
ferential noise measured with a double sample and hold program by a factor v/2. Assuming
that oy, = o, i.e., that the considered channel and its neighbor have the same noise, we
have

2 2
(A = BTGy
0'2+0'2i
ik U 2 U —Pauou'
= o%(1-p) (8)

where p is the correlation between v and v'.

The differential noise is thus equal to the noise if there is no correlation between the
analog output of the channels, and it is less than the noise if there is a positive correlation
between the analog output of the channels. A positive correlation can be due to a common
component of the noise induced by external pickup. It was therefore important for us
to measure both the noise and the differential noise, and check that they were close to
each other in order to make sure that the external noise pickup in our testing setup was
small. However, a small residual common noise component and the limited precision of our
measurements (8-bit ADC used with low gain), did not allowed us to be sensitive to smaller
order phenomena contributing to the correlation between neighbor strips. However, some
of these phenomena, like the “readout effect” due to the slow risetime of the analog output
line (positive contribution to p) or the interstrip capacitance (negative contribution to p),
could be observed and studied in the final SVX system (12-bit ADC, careful reduction of
the common noise).

The differential noise was measured for all the channels using data from N = 250
events; the results of these measurements using both double and quadruple sample and
hold programs (with a 1500 ns integration time interval), were saved to disk.

Note again that the differential noise defined above may not necessarily coincide with
the intrinsic noise from the strip and its front-end electronics; we indeed observed a ladder
that had a chip with a non-negligible common noise (not due to external pickup in the
setup). A method to measure the intrinsic noise of a channel is given in Sect. 5.6.

5.5 Leakage Current Measurement

An attempt to measure the leakage current on each strip was done in the following way:
first, several different gain and offset measurements were performed for different integration
time intervals; if the measured pedestals (for a nominal value of ¥°*!) and gains for the i*"

integration time interval, 7;, are V2t and G‘EQ), then the integrated charge is given by

V_Off .
Qi= gy +9° (9)
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where Q(? is an unknown “nominal charge”. If Q9 is a constant, then the leakage current
can be estimated as the slope of a linear fit of V‘-OH/G‘(-Q) versus 7;. Of course, this mea-
surement should be made with a double sample and hold program (note that a quadruple
sample and hold method would not be adequate here because it has precisely been designed
to subtract the leakage current contribution).

For this measurement we used four different integration time intervals, 1650 ns, 1950 ns,
2150 ns, and 2300 ns, and the results were saved to disk file.

The method described above is meant to measure the leakage of all strips regardless of
whether they were saturating due to high current or not. During the ladder testing we never
got sensible results from this procedure. This was probably because Q(®) was not constant
for different integration times. Such an effect could be due to additional parasitic charge
injection effects on the chips which are related to the signal and’ power distribution on the
ear. Consequently the results of the leakage tests were not used for ladder quality control.
Other algorithms to measure the leakage current were implemented later on, once the final
SVX system was put together. In particular a simple algorithm which ignores gain variation
by just comparing the offsets for two double sample integration times was used extensively
during the operation of the full SVX detector to monitor nominal radiation damage and
other leakage current effects.

5.6 Sparsification Threshold Measurement

The goal of the sparse threshold measurement was to determine, for each channel, the mean
value and the RMS of the amount of charge needed at the input of the front-end amplifier
to set the latch. The results of this fundamental measurement allowed us to decide which
“operating threshold” voltage step Va?' should be sent on the calibration line when taking
data with the SVX. The value of V:,‘;" was determined to accommodate the two following
requirements:

e most of the channels should latch when a minimum ionizing particle crosses the cor-
responding strips, i.e., the SVX should be as efficient as possible;

e most of the channels should not latch when no particle crosses the corresponding
strips, i.e., the amount of data containing only noise signals should be kept at a
reasonable level.

Once the value of V‘f,j‘f is known, the results of the sparsification threshold measurements
can be used to predict the efficiency of each individual channel. In particular, a list of
“dead” channels (channels that never latch) and “noisy” channels (channels that always
latch) can be established.

The RMS of the injected charge needed to latch a particular channel is a measure of
the noise of that channel. This measurement does not use the analog information sent by
the SVX chip, and is an independent measurement of the noise of each channel, which,
contrary to the noise measurement obtained from the analog data, will not be affected by
any eventual contribution of the testing setup (port card, cables, receiver and ADC). If
the noise is 2200 electrons, we expect the RMS of the sparsification threshold to lie around
0.35 fC, corresponding approximately to a difference of 6 mV in terms of the V% voltage.

The sparsification threshold measurement consists here of measuring a finite number of
points on the “efficiency curve” of each channel (which is nothing else but the integral of
the pedestal distribution, assumed here to be a gaussian distribution); in other words, the

16



probability to latch is measured for various values of the injected charge. To perform these
measurements, the calibration voltage pulse is stepped through N different values, equally
spaced between a value V2 where (almost) all the channels don’t latch, and a value V,ff;h,
where (almost) all the channels do latch. At each step ¢, the calibration voltage pulse is set
to

Vel = Va4 (- DAV =1, N (20)

where
Avcm' htgh = p:lcai (11)
g
A data acquisition program performing a quadruple sample and hold and enabling the
“positive sparse” logic is run in the SRS, and a number N, of events are read out during
a given step ?; for each channel, the probability to latch, ¢;, is estimated as

Niatch
£ = ——o 12
¥ Nevts ( )

where Njyg.p is the number of times the address of that channel is present in the data
collected on the digital lines during the current step (note that the analog data is not used).

At the end, the sparsification threshold, V32 ,, and its RMS value, oy eqn, are esti-
mated using the following formulae:

N
Vithon = Vi + AV Y (1-&) (13)
i=1
N N 2
Othresh = Avca! 2(21’ N 1)(1 o 6") 7 (Z(]‘ b Si)) (14)
i=1 i=1

The justification of these formulae, as well as a discussion of their validity, can be found in
the Appendix.

The error on the estimate of the spa,rmﬁca,tlon threshold V352, is determined by the
values chosen for AV and N,yy,. This error, §V,3%, ., has two independent sources whose
contributions can be added in quadrature; the first contribution comes from the statistical
uncertainty on the estimates ¢; and the second one is due to fact that the right hand side
of Eq. (13) is only an approximation to the true value of the threshold. As shown in the
Appendix, the standard error on Vﬁ:f“h can therefore be expressed as

cal = ¥ 2 1
‘5V;hrg,,h Uthresh\/—_‘quﬁ + @ (T) ) { 5)
where -
P= 4 ; (16)
Othresh

The function u(r) is given in Figure 35 of the Appendix; it takes positive values less than
0.004 if 7 is less than 2.

When doing these measurements on the production ladders, the primary purpose was
to detect failures and tag channels whose behavior during sparsification deviated from the
average baseline. Therefore we needed to scan a rather big window to make sure that all (or
at least most of) the channels of a given ladder be caught. A quick measurement was first
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done with Neyss = 8, N = 8, T/}f,fj = —95.6 mV, and V.‘f?;h = 91.8 mV, corresponding to
AV = 23.4 mV (these odd values came about due to the calibration constants of various
elements of the pulsing system). Then, a second more precise measurement was done with
Newts = 50, N = 15, and new values of V,f,‘ﬂ and V,f‘f‘;h determined from the results of
the first measurement; the algorithm used to determine this new window was designed to
shrink the initial 187 mV window, if this was possible without loosing a significant number
of channels. In most of the cases, we ended up with a window approximately equal to
112 mV centered around 7.5 mV, corresponding to a typical step AV = 7.5 mV, that
could allow meaningful estimates of Vt‘j:‘,f“h and oypresh for about 97% of the channels (in the
worst case, the window remained the same and the step AV for the final measurement
was thus never above 12.5 mV). Since o4hresh Was expected to be approximately equal to
6 mV, our measurements were made in a condition where y(r) can be neglected; using
Eq. (15), we estimate that the error

cal
svgel . = x=1/4 IM (17)
Nevta

is never above 1 mV for each channel satisfying e = 0 and ey = 1.

As a typical example, let us consider the measurement of the threshold for channel 219
of ladder 106-4B032. For this ladder, the window used when N = 15 was V,ﬁﬂ = —-38.5 mV
and V,ff.‘;h = 61.8 mV, corresponding to AV = 6.7 mV, and using Eqgs. (13), (14), and
(17) we obtained T/}i‘:_’esh = 10.4 mV, Ohresh = 6.2 mV, and § t‘};:”h = 0.7 mV. Figure 14
summarizes this measurement: the circles are the measured efficiencies for the various values
of the injected charge, and the curve is the integral of a gaussian distribution whose mean
value is C‘“’Vﬁ:‘r‘;sh and RMS width is Co44,esn (the arrow in the center crosses the curve

at this mean value and has a length of twice this RMS width).

6 Results of Testing

6.1 Examples of Results

The results of the ladder production testing consisted of a very large amount of data,
which cannot be listed here in any detail. Thus, the complete sets of results is shown
in this document only for some typical ladders. Figures 15 to 17 show the results of the
measurements done on a typical layer 3 ladder after burnin. Figures 18 to 20 show the
results of the measurements done on a layer 4 ladder where two “black holes” are visible;
measurements done one the same ladder after it had been fixed are shown in Figures 21 to
23.

6.2 Quality of Channels

The results of the testing of each ladder were analyzed to get a list of “bad” channels. This
list was useful for example to determine which particular channels were inducing “black
holes” in the ladder and needed to be fixed (see Section 7 for a discussion about this fixing
process). The “bad” channels were defined as channels that belong to one or more of the
three following categories:

o Dead channels: channels with a gain (measured in quadruple sample and hold mode)
that was less than 5 mV/fC in absolute value, or channels that had their 50% effi-
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ciency threshold above the average by more than the averaged RMS of the sparsifica-
tion threshold.

¢ Noisy channels: channels that had a probability to latch higher than 10% when the
injected charge is equal to the average 50% efficiency threshold minus 3 times the
averaged RMS of the sparsification threshold.

e Exceptional channels: channels that had at least one of the measured characteris-
tics that deviated significantly from its expected value; more precisely, “exceptional”
channels were those for which at least one of the following conditions were met:

— the gain (in double or quadruple sample and hold mode) was less than 5 mV/ fC
in absolute value; .

— the offset in quadruple sample and hold mode deviated from the average by more
than 4 o;

— the differential noise in double sample and hold mode was more than 3000 or less
than 900 electrons;

— the differential noise in quadruple sample and hold mode was more than 3500 or
less than 1200 electrons;

— the 50% efficiency threshold deviated from the average by more than 3.5 o;
— the RMS of the sparsification threshold was more than 0.7 fC or less than 0.2 fC;

— the measured leakage current was more than 160 nA or less than —40 nA.

In the above definitions all the averaged values refer to “iterated averages” that were
computed in the following way: first, the mean value and standard deviation were computed
on the values of all the channels in the ladder; then, channels that had a value which was
more than 3 standard deviations away from the mean were ignored, and the mean value and
standard deviation were recomputed on the values of the remaining channels in the ladder;
this procedure was iterated until the mean value didn’t change anymore (but a maximum
of 20 times); the “iterated average” is this final mean value, which was an average where
the tails of the distribution had been ignored.

Note that dead and noisy channels are defined here in a rather arbitrary way, in the
sense that they may not coincide exactly with what will appear to be real dead or noisy
channels in the final SVX detector. In fact once installed in CDF the operation of the
SVX detector was optimized in such a way that the number of dead or noisy channels was
reduced further. The definition of exceptional channels is rather loose; as a consequence, an
exceptional channel that does not meet the dead or noisy channel criteria should in principle
be perfectly usable in the final SVX detector. However, the number of channels per ladder
in each of these categories provided a convenient way of surveying the quality of the ladder
production.

6.3 Summary of the Results

Figures 24 to 29 show result summaries, computed from the measurements taken on the
production ladders after burn—in (and eventual black hole fixing). On Figures 24 to 28a,
the iterated average of the various measured quantities are plotted as function of the ladder
number (IB4 production number). Ideally, all the points on these plots should lie on a flat
line, indicating that all the ladders have identical properties. In the real case, the observed
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variations from ladder to ladder remain acceptably small (as seen in Figure 24b, 5 layer 3
ladders have a double sample and hold offset higher than 2.4 V', but this effect was due to
the use of a different port card in the test of these ladders).

The variations in the 50% efficiency threshold, shown in Figure 27a, need particular
attention. In the final SVX system, there are two separate calibration voltages per wedge;
the first one is used to inject charge in the layer 1 ladder, and the second one is common
to the ladders in layers 2, 3, and 4. It is thus very important that the layer 2, 3, and
4 ladders in a given wedge have the same 50% efficiency threshold; if it is not the case,
then a whole ladder may appear as noisy or inefficient. Although the variations shown in
Figure 27a are often bigger than 1 fC, it is possible to form wedges of ladders that have
an acceptable match in threshold. Also, we believe that these variations are due in part by
an inexact leakage current cancellation in the quadruple samplé and hold mode, because
we indeed observed a correlation between the 50% efficiency threshold and the offset (in
double sample and hold mode). The threshold differences indeed got smaller once the two
integration times were finely tuned to get the best possible leakage current cancellation
(this adjustment was not possible with the SRS module, but was done with the Fastbus
Sequencer module used in the final SVX data acquisition system).

Figures 28b, 29a, and 29b, show the percentage of exceptional, dead or noisy channels
(using the definitions of Sect. 6.2.) as function of the ladder number. Most of the ladders
have less than 2% dead channels and less than 5% noisy channels.

7 Black Holes

In the course of prototyping and constructing ladder modules for the SVX we observed that
strips with a sufficiently large leakage current would share that current with neighboring
strips in proportion to the distance between them. Because of the characteristic pattern of
this sharing we called these areas “black holes”.

The black holes are caused by the phenomenon of punch-through in a p*np* structure
[7] but only occur here because of the way the SVX chip behaves when it becomes saturated.
In the classical punch-through configuration one p*n junction is forward biased while the
other is reverse bias. For a certain voltage across the structure, the depletion region of the
reverse biased junction extends all the way to the forward biased junction. At that point
a large current can flow. This situation is indicated in Figure 30 which is borrowed from
the reference. The situation between adjacent strips in a silicon detector is similar and has
been discussed in the literature [8].

For an integrated charge of about 60 fC the SVX integrator will saturate. The normal
reset point of the integrator is 1.1 V. Once it saturates the input can charge up to 6 V plus
a diode drop. At that point protection diodes, which connect the inputs to the AP=6 V
line will turn on and the input will be fixed at that level. Under this condition, with the
neighbors all at 1.1 V, punch-through can apparently occur (see Figure 31). Depending
upon the magnitude of the current injected, the neighbors may even saturate as well. This
will create a cascade like effect which may affect finally a large number of strips. An example
of this is shown in Figure 18a, a double sample offset plot which is directly proportional to
the strip leakage current.

We found that the black hole effect required a strip leakage in excess of a few hundred
nA for our typical integration times. We also observed that leaving a known leaky strip
unbonded prevented in most cases the black hole from appearing at that location. Since
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the integrator saturated anyway at about 60 fC we chose to leave all strips with current in
excess of 70 nA unbonded.

Occasionally, in the case of a very leaky strip, a black hole was observed centered on
that strip, although it was skipped during wirebonding. This kind of black hole could be
fixed by connecting the bad strip to ground, in such a way that the excess current would
be drained without having to spread to the neighbor strips. The strip itself remained bad
of course, but the good neighbor strips were recovered. Practically, the fix consisted of
wirebonding the faulty strip to the dummy ear or to the guard ring itself.

During the wirebonding process another class of high leakage strips appeared. These
were due to damage to the detector in the bonding process. In particular, when the bonding
tool hit the silicon dioxide the effect was particularly pronounced. Interestingly subsequent
removal of the bond wire at that strip did usually not remove the black hole. Instead the
seed strip just moved to the next bonded strip.

These patterns can be understood by the following hypothesis (see Figure 32). Those
strips which were delivered with high leakage probably contained a defect induced during
ion implantation of the p* strips. This defect is perhaps a micron below the surface.
Consequently, if the strip is unbonded the defect may remain in a relatively low field region
and not contribute carriers to the neighbors. Those strips which have instead surface damage
due to bonding may contribute a large surface current which persists even if the nearest
strip is floating as long as the surface is depleted. That current will just sink to the nearest
bonded strip.

In the case of the persistent black holes we found that the current could be satisfactorily
drained if the strip was connected via a low impedance to voltage level near the nominal
1.1 V reset point of the integrator. This worked as long as the impedance was smaller than
the apparent impedance into the saturated preamplifier. Thus it would not do to use a
voltage divider consisting of 1 kf resistors. It was latter seen [9] that the same apparent
draining effect came about if the offending strip was instead grounded through a capacitor
of value in excess of 0.1 uF. This was the final procedure used in production for these
strips. The effect of this bonding can be seen by comparing Figures 21 to 23 (after 2 black
hole bonds) with Figures 18 to 20 (before black hole fixing). Generally, the two neighboring
strips around a black hole would show increased noise after black hole fixing using this
procedure.

The effect of the capacitor can be understood in the following way. During operation
the charge integrator is repeatedly reset and activated. Consequently the large current only
turns on the protection diodes periodically. The input is thus switching between 1.1 and
6.7 V at a typical frequency of 300 kH z. At this frequency the capacitor is a small enough
impedance to shunt the excess current to ground.

Use of the capacitor to fix black hole is superior to an external voltage source because
it is simpler and introduces no extra noise to the ladder. In practice we mounted 0.1 puF*
type 0805 surface mount ceramic capacitors to the dummy ear and wirebonded bad strips
to the gold stripe on the dummy ear.

All black hole fixes were performed at LBL using a manual bonding machine. The strips
that needed black hole fixing were identified during the testing procedures and their rate is
listed in Table 5.

21



| Layer 1 | Layer 2 | Layer 3 | Layer 4 |

Number of strips in bonded ladders 8192 | 11136 15872 | 23040
... unbonded (skipped or unbondable) 13 35 75 125
... partially bonded (1/3 or 2/3) 4 4 3
Number of fully bonded strips 8179 | 11097 15793 | 22912
... disconnected to fix BH 2 2 15 1
... bonded to dummy end (capacitor) to fix BH 2 5 37
Number of strips skipped (I;1;" > 70 nA) 13 35 59 111
... bonded to guard ring (ground) to fix BH 3 1
... bonded to dummy end (ground) to fix BH 1 3

Table 5: Bonded, skipped, and black hole (BH) fixed strips

8 Conclusion

The ladder modules of the CDF silicon vertex detector (SVX) have been successfully as-
sembled and tested. The yield was high enough to provide enough modules for all 4 layers
of the SVX plus some spares.

In order to monitor the ladder production, procedures have been developed and check
the quality of the channels. Bad channels responsible for black hole effects were identified;
an appropriate treatment of these black holes has been developed and applied in order to
recover the good strips in the black hole neighborhood that otherwise would have been
unusable.

Different quantities were measured to characterize each channel; these measurements
were saved for later comparison with measurements taken during the final barrel assembly
and with the first calibration data taken during the commissioning of the whole SVX system.
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Appendix

Estimation of the 50%-point and Width of an Efficiency
Curve

An efficiency curve can always be described by a function e(z), the efficiency, that rises
monotonically from 0 to 1 as some variable z varies from its minimum to its maximum
value (or from —oo to +c0). Here we consider the case where such an efficiency function is
known at a finite number N of values of z, equally spaced between a value z;,,, such that
€(Ziow) = 0 and a value zpigp such that e(zpign) = 1. More precisely, having defined a step

Thigh — Tlow ’
Az = ————— 1
2 = ZHOAS (18)
and the following values of z,
Lo = Tlow
{ T; =Ti—1 + Az for 1= L,V 5 (19)
we assume that the N efficiency values
g =¢e(zi— %) forii =1, N (20)
are known exactly, and that
&1 = 0
{ eNn=1, (21)

as shown on Figure 33.

The purpose of this appendix is to derive, from these N points (z; — Az/2,¢;) on the
efficiency curve, expressions giving estimates for the 50% efficiency point and for some
quantity describing the sharpness of the transition from 0 to 1.

The function (z) is in fact the integral of an underlying probability density function
g(z) such that

o@)= [ () da'. (22)

Let m be the expectation value and o? the variance of this distribution g(z).
It is easy to show that
e(m) = 50% (23)

if the function g(z) is symmetric around m, i.e., if
g(m + z) = g(m — ) for any value of . (24)
We have indeed

,_.
1

f+°° g(z)dz = /jw g(m + z)dz

—00 Lee)

0 +o0
[ atm+ayds+ [ gm + )ia

0 0
/ g(m + z)dz + j;m g(m — z)dz

—00

I

Il

2/0 g(m + z)dz = 2/_m g(z)dz =2 ¢(m) . (25)

24



Thus, if we assume the symmetry of g(«) (and this is what we will do here), the problem
is reduced to find estimates for the mean value m and the variance o®. As can be seen below,
the general idea will be to estimate the integrals defining these quantities by sums over the
known values &;.

The mean value can be expressed as

+0o +o0 !
m=F= / ¢ g(z) dz = / d5la) dz = / z(e) de (26)
b e Ty 0
and estimated as
N-1 N-1 N N-1
m = Z: zi(Ae); = Z zi(eip1 — &) = Z-’Ei-m - Z TiE;
i=1 i=1 =2 i=1
N-1 N-1
= ) (%i-1 - T)ei + TN1EN — 2161 = TN-1— AT Y &
i=2 i=2
= ZN-1— Aa:Zs. + Az = Zpigh — A.’BZE‘
i=1 i=1
N
= ZiwtAz) (1-&). (27)

i=1

2

The variance o? can be expressed as

o =22 -7 =32 - m? (28)
where e too _ g g
z? = f z? g(z) dz = / 28 L / z?(e) de . (29)
o —c0 dz 0
This expectation value of 2% can be estimated as a sum; we have
- N-1 N-1 N N-1
22 = Y zi(Ae) = Y oi(ema—&) = ) o6 ) ole
i=1 i=1 i=2 i=1
N-1
= Y (e —2zdei+2hen—ola = o} +Z(z'~ - 2})&i
=2 i=1

2” 22; 2 2N 2zg
= z%+(Az) Z(I-B—x)e; = zjy + (Az) 2(1—23—-3—;)8;

= “?V+(A-'°)2[-é(?*—l**iﬂ)(l—s;)— i(N+1)—1+2ﬁ)]
= (mo+NAm)2+(&m)2§:( 1_*_2&)(1_6‘)_(}\“33)2_2%“,&3

i=1

N
= zhy+(Az)? ) (2 — 1)(1 - &) + 221002 Z(l —-&). (30)
=1 =1
An estimate for the variance can then be defined as
32 = D
2
= (Az)? 2(23-1(1—5)—(2(1—5,) } . (31)
i=1
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Note that the quantities m and o? given by Egs. (27) and (31) do not depend directly
on the number of points NV; it is indeed easy to check that changing the number of points
(without affecting the step Az) has no effect on m and o? as long as the hypotheses of
Eqs. (21) remain in effect. The errors on these estimates are essentially determined by the
step Az, and the consistency of these estimates, which is guaranteed only if the conditions
of Egs. (21) are satisfied, is expressed by

Alimnﬁz =m

L=t

lim 33 = g2, (42)
Ar—0

The quantity (7 — m)/Az depends on two variables, r and a, which we define as

Az

r = ? >0, (33)
a = (-m—;?—%)modl ,0<a<l. (34)

Because of the symmetry of the function g(z), we have m = m when a = 0 (case where
one of the values ¢; is equal to 50%) or when a = 0.5 (case where one of the values z; is
equal to m), independently of the value of r. Figure 34 shows, for different values of r,
how the quantity (7 — m)/Az varies with a in the particular case where g(z) is a gaussian
distribution. One could easily show that, in any case (even if g(z) was not gaussian), the
absolute value of the difference between the estimate m and the true value m does never
exceed Az /2.
Let us define §m as the “standard error” on the estimate M, i.e, as the positive quantity
that verifies
prob(m — §m < m < m + ém) = 68% . (35)

Given a step Az, the error é7m on m can be evaluated if one knows the shape of the function
g(z) as well as the shape of the probability distribution of the variable ¢; if the value oy
is chosen without any knowledge on the mean value m, then one can reasonably assume the
quantity @ to be uniformly distributed between 0 and 1. Figure 35 shows the quantity

u(r) = ? (36)

as a function of 7 in the particular case where g(z) is a gaussian distribution. It is interesting
to note that the precision on the estimate 7 is better than 0.4% of the width of the gaussian
if the step Az is smaller than twice that width.
Let us now consider the more complicated case were the probabilities ¢; are not known
exactly, but are estimated as
T 37)
GE (
where v; is the number of successes obtained during n independent tests, where the prob-
ability to obtain a success at each test is equal to ¢;. The quantity »; is nothing else than

a binomial variable whose variance is ne;(1 — ¢;); therefore, the error on the estimate &; is

given by
T e (38)
n
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We are now able to define new estimates of m and o? as

N
mo= it Az (1-8), (39)
~ N‘_ N %
ot = (A:e)*’[Z(ze—l)(l—a)—(z(l—a)) ] : (40)

The error &7 on the estimate 7 is a quadratic combination of the error ém defined above
with N others terms coming from the propagation of the independent errors §¢; in Eq. (39);
we have

N
(6m) + Y (Az 68;)°

=1

N
= (ou(r))?+ % Z gi(l—¢) Az
i=1

F
S
3N

g

b
|

® o2 (r) + %/:o e(z) (1 -¢(z)) dz . (41)

In the particular case where the function g(z) is a gaussian, the integral appearing in the
above equation can be computed by analytic means,

[ e - e@) o= 5, (42)

6 = N Iy p(r) . (43)

Practically, this error can be estimated as

leading finally to

3

)

=
2K
)

=g

+ #2(?) ) (44)

where

g = o? | (45)
3 Az
r = —3— {46)
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Silicon Strip Detector: Typical Bonding Pad Layout
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svx$docu:bond_chklst.txt
Carl Haber
CDF/LBL
8/15/90

Checklist for SVX Wirebonding V1.2

rappER 10 cope: 0 94- 4A013
DATE: 0!/‘)_3/3; TIME START: 09:40 1Mz FrnTsEED: /]CL(O ELAPSED TIME: ‘}30

PERSONNEL:  (Jliie,

WIRE IS 1.0 MIL, 1% SILICON: _L

WEDGE IS GAISER 2025: _L

ULTRASONIC GENERATOR 10/L0  _y/

OTV (overtravel) = 7  FIRST ‘%

CVL (velocity) =7  FIRST _/  SECOND/
CLAMP OFEN AT TEAR: _L

FIRST BOND POWER = 4.8 \/ TIME = 45

SECOND BOND POWER = 5.0 _V TIME = 40

GUARD RING CONNECTION: /

POSITION:

DET 1 -> CHIPS \ HEIGHTS: INNER = 35 _\/ VAC _y OUTER = 80 VAC ;
DET 2 =-> DET 1 Y HEIGHTS: INNER = 30 v VAC / OUTER = 50 VAC
VAC

DET 3 -> DET 2 Y HEIGHTS: INNER = 30 _V VAC _/ OUTER = 50

COMMENTS : - Dek1—= chins: 334 relonded
3 W rekonded
3¢ iy
3 | g
X! 15 e
33 v oA 3 1 f”"u
5% bef2
355 y % Plu

Q @ ®

|s]rls]* ¢
o

Figure 11



Ladder testing hardware configuration

Testing box
with 6 ladders

Bias voltage Calibration voltage

power supply power supply
OV-100V 2V-+2V
I
I
calibration voltage I
Analoﬁg\;: mp: Receiver
¥ card SRS SDA DAC
Digital chip:
+5V
=
Port card:
+7V, +11V
Electronics
power supplies analog out Camac crate
Oscilloscope v Vax station
scope trigger

Figure 12
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2.2

1.8

Offset (double) [V ]
[ %
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Gain (double) [ mVIfC ]
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Strip number

Ladder: 029-3F029
Bias voltage: 35
Testing code: 225311
Testing date: 4-MAR-1991
Testing time: 16:06
Operator: oS
Logbook page: B168
Comment:
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Ladder: 029-3F029
Bias voltage: 35
Testing code: 225311
Testing date: 4-MAR-1991
Testing time: 16:06
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Logbook page: B168
Comment:
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Sparse threshold [ fC ]

Leakage current (?) [ nA |
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Ladder: 1054B034
Bias voltage: 43
Testing code: 125311
Testing date: . 22-MAR-1991
Testing time: 16:53
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Logbook page: B186
Comment: BH AT 329 1,509 1 NEED FIXING
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Sparse threshold [ fC ]

Leakage current (?) [ nA ]
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Offset (double) [V ]

Diff. noise (double) [ electrons ]
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Sparse threshold [ fC ]

Leakage current (?) [ nA ]
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Gain (double) [ mVIfC ]
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Sparse threshold [ fC ]

RMS of sparse threshold [ fC ]
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Leakage current | strip [ nA ]

Exceptional channels [ % ]
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Dead channels [ % ]

Noisy channels [ % ]
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