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Abstract

The basics of an integrated circuit are described with special emphasis placed on a charge-measurement
system. Starting with an outline of a fine CMOS technology, the discussion moves to a practical imple-

mentation of circuits.
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1 Steps toward integrated circuit fabrication

1.1 Planning
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Before beginning a circuit design, it is usual to
define the central issues concerning the functions
of the circuit, the way of assembly and/or pack-
aging, and the environment where the circuit is
to work.

In addition to these central issues, we need to
consider such fringe issues as the time for de-
velopment, budget, man power, and tangible re-
sources. Even the fringe issues put restrictions in
more ways than one to realize the central issues.

It is advisable for one to thoroughly consider the
method of die screening as well as the procedure
of chip evaluation. You may find it necessary to
require some special instruments and/or a built-
in test mechanism in the circuit.
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Choosing a fabrication process

SPICE and Verilog (or VHDL) are very useful
even in the planning stage. These circuit simu-
lation software programs allow a functional de-
scription of the circuit to make it easy to find
out an oversights, concerning on the fundamen-
tal concept of the circuit.

It may be convenient to use Verilog-A. Verilog-
A has a special feature to totally manage an
analog-digital-mixed circuit description in a uni-
form manner. If you are going to design an SC
circuit, i.e. a switched capacitor circuit, it is
preferable for you to employ a mathematical tool
such as Mathematica, MATLAB, and so forth,
rather than to rely on a circuit simulator. SPICE
takes a very long time to handle switching tran-
sients, and sometimes makes it impractical to ex-
ecute a complete simulation.

You cannot proceed the circuit design further
without choosing a specific fabrication process,
because the circuit performance is heavily influ-
enced by the detailed characteristics of the tran-
sistors being employed.

There are two issues for your careful consider-
ation. One is to make sure that the circuit
you want to make is within the scope of the
said fabrication process. At the same time,
you may have some idea concerning a coop-
erative/uncooperative atmosphere/policy of the
said company.

Once you choose a specific fabrication process for
a certain semiconductor company, you must re-
quest to the company to provide device param-
eters, i.e. model parameters for SPICE, and IP
libraries concerning reusable circuit blocks, such
as I/0 buffers. Then you can proceed to design
a real circuit in practice.

It is often the case that the said SPICE param-
eters or the IP-specific parameters provided by
the said company are not necessarily adequate
for the target design.

In order to satisfy your requirement for the de-
sign, you can request the said company to provide
samples for transistors and circuit blocks for the
IP libraries. Under specific conditions, such as
high/low temperatures, high/low radiation envi-
ronments, or analog/digital applications, you can
extract exact parameters that you want for your
design.
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bNDA:Non-disclosure agreement

1.3 Circuit design
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The technical information provided by the said
company is under provisions of the fair-trade law.
It is very common to make a contract concerning
a non-disclosure agreement. Any irregular disclo-
sure which does not conform with the contract is
considered to be an unlawful conduct, which can
result in a legal suit for big money.

In the step of circuit design, you struggle to im-
plement the required functions with transistors,
capacitors, and resistors.

In an analog circuit design, SPICE is an almost
unique tool to help in your design work. SPICE
has built-in device models such as diode, BJT,
MOSFET, MESFET, and JFET. Some products,
such as the inexpensive SPICE software, lack ap-
propriate device models for state-of-the-art tech-
nologies, such as sub-micron processes. The best
practice is to ask the said company which SPICE
simulator they frequently use. HSPICE is such a
candidate.

When you are going to design a digital circuit,
Verilog (or VHDL) is a common language for de-
signers. Once you make up a circuit in terms
of Verilog, you can generate a gate-based circuit
by Design Compiler, Synopsys. Design Compiler
employs the IP libraries provided by the said
company.

When the IP library does not include the nec-
essary gate models for your design, you need to
prepare your own IP library corresponding to the
required gates. It seems to be a big burden at the
beginning. Eventually, the effort saves your de-
sign period as well as makes it easy to verify the
circuit design. In general, IP libraries are explic-
itly or implicitly associated with corresponding
mask layouts. The layout work loads too heavily
on your design work to make up everything in a
reasonable time period. It is advisable for you to
look for an appropriate design house.
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1.4 Mask layout design
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No matter whether your design is for analog or
digital, the circuit must eventually be prepared
as a SPICE netlist. In order to find faults con-
cerning a layout design, a netlist extract from
the layout is compared with the circuit design in
terms of the SPICE netlist.

The SPICE parameters provided are separated
into three subsets: worst (slow), typical, and best
(fast). As for a digital circuit, it is quite common
to be required that your SPICE design should
work for all of the subsets. This means that the
circuit design is immune from any possible off-
centered procedure for a semiconductor fabrica-
tion process. As for an analog circuit, such a
tight requirement as in a digital circuit is some-
times impractical to inflate the design cost. One
solution is to simultaneously design a few cir-
cuits, each of which is appropriately tuned for
any one or two subsets of the SPICE parameters.
This method for a risk-hedge is called ”leveling”.

If you are interested in a circuit which is to be
used in a high/low temperature location, it would
be a nice practice to design a room-temperature
version together with the target version. Then,
it would allow you to verify the circuit design on
a probe-station at room temperature.

Before bringing your design into a silicon
foundry, the circuit is translated into a mask lay-
out to be employed for a photo-lithography at
the silicon process.

The design rule for the mask layout is to heavily
rely on a particular fabrication process of the sil-
icon foundry. We need to ask the silicon foundry
to provide a design rule for the mask layout of
a specific silicon process. We again make a non-
disclosure agreement contract concerning the de-
sign rule of the mask layout. An agreement of
the said company may be required before sub-
mitting a paper in which the layout of the circuit
is explicitly employed.



gbooobooooooboboooooboooobooon
obooooooooooboooooboobooon
gbooooOooooboooooooboooon
gbobooooooooooobooobobaon
gbooooooooooboooooboooooo
gboooooooobooboooooobooooon
gbooooOoooobobooobooooobon
doooooooooboooooooooboooa
gbobooboooooboboooboooooboo
gboooooooobobooooobooooon
goboooooooooooooogoe«ecooon
obooooooooobooboooooboooon
gbooobooooboobood

‘0000O000oO0o00OooOo0o0oOoOooOoooooo
gooooooooOooboooooooooobooooo

gobooOoooooooe*coobobooooon
go0o0oO0oOoO0oO0oO0oO0OOOOoOoooOoooo/
gbooboooooboboooooboooon
goooooboooooooooboooooogooo
gboooooooobobooooooooooon
obooooOooooooooon

‘go0oooboboo0o0oboobOoOo0oooooooboono
goboooooooooooooood

OO0oO00O0oOoooooooOdooodobRe
oo Lvsooooooooooooo

bDrRCOOOODOOOOOOOOCOODOOOOOO
obooooOoooobooboooooboooon
gbooobooooobooboooobooboon
gbooboooooboobooooboooon
gbooobooooooooboooobogoobon

wsoooooooooooooooobooooo
gbooobooooobooboooobooboon
Oo0DO0oOoooggSPIcEOODOOODDOO
OOooOooooooOo SpPIcEODOOODOOD
obooooooooooboooobooooon
gbooobooooon

DRCOOOOOOOODOOOODOOOODOOOO
oooooOooLvsooooopoooooooo
gboooooooobobooooobooooon
oooDOoOoOSpICcEOOOOOOOOOOOD
gbooooooooboobooooboooon
gbooobooooobooboooobooboon
gooooooooboobooooooboooooo
gboooooooobooboooooooooon
OO0 SPICEOOODOOOODOODOOD
gbooooOoooooobooobooboooon
gbooobooooboboobooooon

The design rules provided by the said company
do not necessarily cover everything about the de-
sign practices. It is understood that there are
hidden many implicit design practices under ex-
plicit design rules. You may ask the said com-
pany, if it is allowed, to conduct the layout work,
since the foundry division of the said company
is continuously refining the design rule as well
as improving the silicon process. The up-to-date
issues might not be explicitly described in the
design rule document at hand. Issues such as
an electro-static damage-protection scheme, and
a radiation-hardened design presumably rely on
non-theoretical practices; they are called ”know-
how”.

We need to be fully involved in the floor-
planning. Layout experts know very well about
the design rule, itself, and common commercial
circuits which they frequently manage. Analog
circuits, or more specifically, detector-oriented
front-end circuits are usually not their con-
cern. You need to raise their attention concern-
ing a digital-to-analog interference, channel-to-
channel cross talk, or a possible irregular feed-
back. They might not be motivated to consider
these issues from the first.

The last and most important steps of the layout
work are DRC and LVS.

DRC stands for design-rule-check; DRC verifies
the conformance of your design to the design rule,
such as widths of aluminum traces, distances
between the traces, clearances between devices
and/or areas for implantation, and so forth.

LVS stands for layout-versus-schematic; LVS ver-
ifies conformance of your design to the SPICE
netlist of your circuit design. Any differences are
subject to necessary corrections.

DRC is usually routine work for layout experts.
We can fully rely on their ability. LVS is,
on the other hand, not straight forward. You
may find unexpected transistors and stray ca-
pacitors/resistances. You, the circuit designer,
should distinguish fake devices/elements from
those originally taken into the circuit. Even
the fake/stray elements may affect to the proper
operation of the circuit. You need to identify
whether those elements are negligible or not.
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1.5 Silicon process
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It is usually a very tough business to con-
duct a SPICE simulation where fake/stray de-
vices/elements are totally included. For the sake
of a remedy, you may eliminate some parts of the
circuit to squeeze the circuit size.

Since it is necessary to finally check out the lay-
out design in a printed form, it is desirable to
have a large plotting machine, such as Versatec,
Calcomp, and so forth. A checkout on a CRT
screen still works. Since the scale of polygons
employed in the layout design covers from sub-
micron to 100 um with about 20 drawing lay-
ers, it is very hard to check out without any
fine-color display devices equipped with proper
zoom-in/out capability. The most crucial point
for a visual checkout is to find any inadequate
ground /power wiring, since neither DRC nor LVS
covers such faults. The narrow and resistive
wiring easily kills proper operation of the entire
circuit. The layout design is delivered in a data
format, called GDSII, which is a de facto stan-
dard from the original design system, CALMA.
You need at least to read-in and display the
GDSII data on your CRT screen, and preferably
to make a hardcopy of the screen view.

Silicon process is to fabricate the desired devices
on the surface of a silicon wafer.

A photo-mask for a photo-lithography is fabri-
cated based on the layout design. The original
layout is separated into 15-20 mask data corre-
sponding to associated silicon processes.

The proper procedure of the silicon process is in-
timately monitored for each step as well as at
the final stage in terms of a PCM, i.e. a pro-
cess control monitor, which is a group of specially
arranged devices/elements, so as to characterize
the performance of the silicon process. These
devices prepared for the PCM could be usable
to extract the SPICE parameters for the devices
fabricated in the said silicon process. A special,
user-specified, PCM may be accepted on your re-
quest when you think it is a mandatory part for
your successful result.



1.6 Evaluation/Inspection
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1.7 Screening
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An evaluation step consists of two parts: one con-
cerns the silicon process itself; the other is related
to the circuit design. These two issues are some-
times related to each other.

Since the silicon process is not condemned as
long as passing through a GO/NOGO test em-
ploying the PCM, the circuit design is easily
blamed for not conforming to the designated
worst /typical /best SPICE parameters.

A Mote-Carlo technique, which statistically scat-
ters the SPICE parameters in a predetermined
range, is helpful to certify the robustness of the
circuit to the silicon process. The leveling, which
is already described in the previous section, en-
hances the ”yield”, i.e. percentage of good prod-
ucts versus entire products.

Even after the elaborate checkout procedures
there still exist some uncertainties as to whether
the fault-detection coverage is sufficient enough
or not. We eventually need to evaluate finished
wafers to find out any possible malfunctions of
the circuit.

It is not recommended to employ a whole cir-
cuit to pin-point the exact location of failures
of your design. If there appears to be no sig-
nal at the output terminal, you have no way to
proceed further. In order to examine the circuit
in a step-by-step fashion, it is a practice to pre-
pare some small circuit blocks, i.e. called TEG
(test element group), whose critical nodes are so
arranged to be monitored by an external instru-
ment. These TEG circuits could be examined by
a needle probe, or in the usual way after being
packaged.

The step of a screening is to separate good chips
from bad ones.

The selection is conducted either on a chip-by-
chip basis or on a wafer basis.

Bad wafers are discarded for each silicon process
based on the PCM evaluation.
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1.8 Packaging and assembly
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The chip-by-chip selection is conducted on a
probe station to find out any apparent defect;
the bad chips are marked by a scratch or stained
with a drop of ink. As for a digital circuit, the
efficiency of screening is virtually 100%; on the
other hand, as for an analog circuit, bad chips
may escape to be rejected in the screening proce-
dure; this means that the screening efficiency for
an analog circuit is case-by-case, depending on
its circuit size, complexity, provision of a built-in
test capability and so forth.

The minimum screening items will be to check
the power supply currents, voltages at the in-
put/output terminals, H/L voltages for digital
circuits, and so forth.

In a more formal test, we usually apply sort of
test-vectors, i.e. H/L or Hi-Z, at the input termi-
nals to examine the associated responses at the
output terminals. The good ones will respond
as was confirmed in the design procedures with
SPICE or Verilog(VHDL).

The test vectors can be arranged so that any in-
ternal nodes may toggle at least once during the
testing procedure; it will enhance the capability
to detect hidden defects. To use a method similar
to the test vector is sometimes almost impossi-
ble for an analog circuit to deteriorate the fault
coverage of the screening. Some type of ampli-
fiers are easy to be saturated by an environmental
electro-magnetic noise around the prove station.

A packaging and assembly step comprises dicing,
die bonding, wire bonding, and confirmation of
the connection between pads and package pins.

The connections between the pads and pins are
established by examining the response of protec-
tion diodes which are built-in in the neighbor-
hood of the boding pad.

A BST technique, i.e. boundary scan test, sup-
ported by JTAG standard is a state-of-the-art
practice to conduct a testing procedure. The
BST is realized with a complex of built-in cir-
cuits and external operation software. For a
large-scale analog/digital circuit, the BST/JTAG
scheme will virtually be a unique solution for an
evaluation/screening and even for a control pur-
pose of the entire circuit.
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As for a pixel detector application where there
exists millions of readout channels, JTAG speci-
fication is a working example to provide a scheme
for serial control and data acquisition.

I would like to ask you students to submit several
papers concerning assigned subjects. The reports
are considered to make up a report card for your
score.

It is recommended to squeeze the description into
1-2 pages. Students are encouraged to submit the
paper in one week. A later submission during
this semester is still valid to be considered for
your report card.

The first subject is as follows:

Subject for report (1)

List your ideas concerning differences between in-
tegrated and discrete circuits, and provide a brief
discussion for each list.



