
1997 1999 2001 2003 
Min gate L nm 250 180 150 130 
Tox nm 5 3-4 3 2-3 
VDD 2.5 1.8 1.5 1.2 n GHz 20 30 35 40 
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ABSTRACT 
This renew paper discusses the applicability of ad- 
vanced deep submicron technologies in the High Energy 
Physics environment. Most of the read-out electronics 
required for the generation of experiments scheduled for 
the future LHC accelerator has to be implemented as 
custom or semi-custom ASICS, the choice of an appro- 
priate technology for the design of these components 
has wide ranging technical and economical conse- 
quences. B1 addition to requiring the integration of mil- 
lions of channels at low cost and extremely low power, 
experiments demand the availability of components 
with an unprecedented level of radiation hardness - even 
when considering the technologies developed for space 
and military applications - and reliability. 
State-of-the-art deep submicron (< 0.35 um) technolo- 
gies can offer several technical arid economic benefits. 
Such advantages come from the high volume, high 
yield low cost per wafer tab-lines in which these tech- 
nologies are produced, combined with the higher den- 
sity, intrinsic radiation tolerance and low power inherent 
in deep-submicron CMOS. Nevertheless a number of 
difficult obstacles still face designers who are trying to 
find an optimal solution for LHC components. 

On the other hand, advanced technologies are today 
used in industries which are organized in a way vastly 
different than the HEP community, with typically tens if 
not hundreds of designers assigned to every aspect of a 
project and with a hierarchical organization in order to 
manage teams of many creative individuals. 
Time-to-market is the factor driving most industrial 
projects. Very large investments in technology and de- 
sign have to be amortized quicldy, and new capital has 
to be raised to invest in the next - more complex and 
demanding - technology. In some markets products 
succeed or fail commercially due to just a tiny time dif- 
ference in their introduction, which can be as short as a 
few months. 
To profit from this Pandora's box situation, HEP must 
understand how to handle such technologies and what 
needs to be put in place to minimize the risk of not be- 
ing ready for the day the LHC accelerator will be turned 
on. 

2 TECHNOLOGY ASPECTS 
The early adoption of a technology inevitably implies 
that many of the infancy problems of a technology are 
not yet solved and that a painful Ieaming curve will 
have to be faced. 
The technology generation which some designers are 
today considering for LHC experiments is basically a 
digital 0.25 pm CMOS technology. Today a handful of 
manufacturers have the technical capability of fabricat- 
ing ASICS based on such a technology, while several 
more use it to build their 64/256 Mb DRAM and micro- 
processors, the largest semiconductor manufacturer 
worldwide has recently announced that all its products 
starting from 1998 will be produced on 0.25 pm lines 
or better and describes the basic process in [2]. 
RD-49 has recently been evaluating two different 0.25 
um CMOS technologies. 

1 INTRODUCTION 
Few fields of technology are changing as rapidly as 
solid-state circuits. Computer components, their inter- 
connections, consumer and telecommunication elec- 
tronics are all gaining performance - or decreasing their 
price/performance ratio - at an exponential rate, thanks 
to a 'continuous revolution' in the field of microelec- 
tronics. LHC is coming at a time when Moore's law is 
still widely believed to be valid. The semiconductor 
industl'y has achieved a 25-30% per year cost reduction 
per function over the past three decades. While this of- 
fers CHOHHOUS advantages to the quick engineer, it also 
requires management to understand how to take advan- 
tage of this revolution Mth a minimum of risk. 
Until recently High Energy Physics could not take any 
advantage of the developments in the field of commer- 
cial VLSI, as it was widely believed that radiation 
would damage irreversibly circuits which were not 
manufactured with specially adapted processes, as to 
become insensitive to radiation effects. Recent investi- 
gation in the area of deep-submicron technologies are 
now showing [1] that, by combining appropriate layout 
techniques with new 'standard' technological advances, 
one can develop designs that are robust to radiation, 
thereby removing the primary obstacle to the utilization 
of these technologies in the radiation environment of 
some future experimatts. 

Table I SIA 1997 Forecast for some parameters in VLSI 
technology (from Ref3). 

Assuming that LHC will start as scheduled in the year 
2005, and looldng at the forecast issued last year by the 
Semiconductor Industry Association (SIA)[3], industry 
at that time should be able to produce ICS with mini- 
mum line-width more than a factor of 2.5 - or two gen- 
erations - denser (see Table 1). 
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Considering that technologies such as a 0.8 um CMOS 
(about 3 generations behind 0.25 um) are today rapidly 
becoming obsolete, one could conclude that by the start 
of LHC even today' s jewel will probably be obsolete. 

no 

Source/Drain and sometimes complex 

son capacity and not by the number of transistors. 
While this development is vital for most commer- 
cial circuits, it has a relatively small impact OI] HEP 
designs, where mixed signal circuits are more 
common, except for such density critical applica- 
tions such as pixel detectors. 
Last but not least, the interconnection to the exter- 
nal world is also changing, as more manufacturers 
are introducing advanced bonding techniques, using 
bump-bonding or tape techniques. Wire bonding to 
70-80 um pitch is becoming available and low-cost 
bump-bonding to 230 um (area array pitch) is also 
available. 
This change can have a profound impact on HEP 
ASICS if the new packaging and interconnect tech- 
niques are mastered in time. An important fraction 
of the cost of front-end detectors is contributed by 
the wire-bonding. A large saving can potentially be 
achieved by using more automated, and more reli- 
able bonding techniques. The introduction of these 
bonding technologies nevertheless demands that 
designers introduce testability features based on 
scan-path in their circuits. 
Some foundries offer a BiCMOS option, even with 
exotic SiGe bipolar devices. Such technologies - 
with bipolar f in the range of > 50 GI-Iz - are tar- 
geted at very high speed RF and telecom compo- 
nents (see for example [5]). 

- 

2.1 NEWFEATURES 
Deep submicron CMOS introduce 
in devices, moreover, not all the 
are necessarily introduced by all manufacturers: 
- Local Oxidation has been replaced by Shallow 

Trench Isolation (STI), this has changed the profile 
of devices and potentially their leakage current 
characteristics. In the measurements performed so 
far on an STI technology, no degradation has been 
observed compared to LOCOS, some recent meas- 
urement indicate even that devices with non- 
enclosed structure consistently maintain a leakage 
current at pre-irradiation levels up to 200 Krad. 
Dual gate implants are now standard and allows 
the individual threshold adjustment of N and P de- 
vices. 
Thin gate oxides are standard at about 45-60 A for 
0.25 um technologies arid are fundamental to their 
total dose radiation hardness. 
Shallow 
Lightly Doped Drain (LDD) structures are required 
to minimize short channel effects. 
Silicided Source and Drain are necessary to reduce 
the series resistance to the metal contact and offer 
an extra free metal level. The resistance of polysili- 
con is also often reduced with similar techniques. 
This step may sometimes be undesired for analog 
applications, where high resistivity polysilicon or 
wells might be needed for implementing resistors, 
and may be optional (masked off) in some proc- 
esses. 
Lower Supply Voltage has the largest practical im- 
pact on designers. VDD of 2.5 v is standard at 0.25 
um gate length and this requires d old 
configurations with more than two se- 
ries. On the other hand some manufacturers offer 
options for NMOS devices with a threshold voltage 
close to 0 V, for application in analog circuits. In 
addition, as technology is scaling down and the ra- 
tio between supply voltage and threshold voltage 
(V,) becomes smaller, concern about leakage cur- 
rent for multi-million transistor chips is increasing. 
Manufacturer are actively looldng at processes with 
two V, voltages, low V, for high performance but 
leaky circuits, and high V, for low power and 
slower circuits, or at modulating the V, through ac- 
tion on the substrate potential [4]. Feasibility stud- 
ies of large dynamic range analog circuits at the re- 
duced supply voltage are under study and practical 
solutions are being investigated. 
The number of metal interconnect levels is growing 
to 5 or more, as commercial microprocessors are 
de6nitely limited by the technology's interconnec- 

2.2 RADIATION-HARDNESSJ WHATIS KNOWN 
The utilization of enclosed gate MOS devices can be 
traced back to the early days of commercial field effect 
devices, when it was immediately recognized that mak- 
ing transistor profiles which would not leak was diffi- 
cult [6]. The same layout techniques has been used with 
a commercial technology and has proved to be effective 
in eliminating radiation induced leakage. 
The threshold voltage shift induced by charge trapped in 
the gate oxide can instead be eliminated by using very 
thin gate oxides (< 7 nm) which are 'natural' in deep 
submicron technologies [7] . 
Experimentally we measured threshold voltage shifts of 
< 5 mV up to 1 Mrad (SiOux) and < 30 mV up to 10 
Mrad for both N and P devices in a technology with a 5 
nm gate oxide [8]. At the same time, leakage currents 
are maintained to pre-irradiation levels for all enclosed 
dew'ces. Finally, a gm degradation of < 7% was meas- 
ured at 30 Mrad. 
Figure 1 shows for example the robust behavior pre-and 
post irradiation of a ring oscillator implemented with 
enhanced layout mies. 
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ized with a process sigma such as to maxiMize the accu- 
racy in the region VGS > I.0V and Vos =2.5 V. 
In addition, process spread for analog parameters is still 
poorly defined and will require the submission of many 
test wafers tO become better mown . 
The figure below illustrates also that the short channel 
effects are very important at short channel lengths and 
that hand calculations based on the simple IDs oc WGs- 
V0)2 law can be substantially incorrect. 

Figure I Delay per stage and supply current for a I001 
element ring oscillator in 0.25 ,um technology os a 
function of supply voltage and total dose. 

2.3 DIFFICULTIES AND CHALLENGES 
Every new technology brings along a set of new design 
challenges. 111 the commercial field the deep-submicron 
generation has exposed the wiring delay problem to the 
digital designer and new technologies (for an example 
of a high performance multi-wire thickness technology 
see [9] ) and tools instructing the synthesis tool to han- 
dle wiring delays as a principal constraint are appearing. 

Figure 3 Departure from simple (V6$ - V,)2 law for 
short channel devices 

2.3.1 MODELING 
Enclosed devices require special care in circuit model- 
ing. Enclosed field-effect devices do not exhibit sym- 
metry between sollrce and drain and the modeling of an 
effective W/L ratio requires special care [10]. 
In addition, first generation deep-submicron device 
models are issued by industry mainly for digital appli- 
cation, and the device modeling might be less accurate 
than needed for an analog circuit. 
An example of the accuracy that a designer might ex- 
pect from a BSIM3 model is given in Figure 2. 

Published data [11] report a potential large difference 
(25% to 56% between wafer center and edge) in per- 
fonnance of chips on the same wafer and the exact con- 
sequences of this adverse trend for analog design must 
be understood better. 

2.3.2 No1sE 
Currently available deep submicron technologies are 
mainly developed for digital applications. Noise char- 
actedstics are modeled with limited accuracy. A pre- 
liminary but promising measurement of a noise figure 
for an NMOS and PMOS devices is shown below. 

Figure 2 Compan'son of measured and simulated data 
for a normally drawn 10/0.28 ,um NMOS device in lin- 
ear and saturation region. To cancel out any process 
dependent e}j°ect, the simulated data curve was normal- 

Figure 4 Noise measurement for NMOS and PMOS de- 
vices. 
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III . ,  

Such a chip may contain 32 measurement channels and 
be needed in 2-300,000 channels in a typical medium 
scale HEP detector. Development effort may run easily 
to 4-6 man-years. 
By using a high volume tab-line, the cost of even a large 
size HEP ASIC project is therefore clearly dominated 
by R&D costs. This reality must be understood at the 
managerial level to avoid unwelcome surprises. 

2.5 TECHNOLOGY LIFETIME: WHATABOUT0.18 
MICRONS ? 

Industry is moving towards 0.18 pm CMOS at a very 
fast pace [12]. This move will be accompanied by an- 
other major step, i.e. the introduction of 300 mm wafers. 
While it is reasonable to assume that the good radiation 
resistance characteristics will be maintained in this gen- 
eration, the introduction of the larger wafers will require 
completely new handling and testing equipment, and 
this might indeed be late for LHC. In addition, the larger 
wafer size demands an even larger production volume to 
become economically attractive to the tabs. 
This generation might also see the appearance of new 
low-K dielectric materials to reduce wiring capaci- 
tances, the resistance of such new materials to radiation 
will have to be studied carefully. 

2.3.3 SINGLE EVENT UPSET (SEU) 
The loss of data bit (configuration, calibration words) in 
a Qonlrpl _circuit might be hard to detect in front-end 

*of supply voltages and gate capacitance 
i ,§ll§lillibmiaon intrinsically more susceptible to 
SEU than previous technologies. Solutions to this prob- 
lem are essentially of three types: 
- Layout level solution: The capacitance of critical 

nodes can be increased; this has been done with the 
enclosed transistor layouts and is partially effective. 
This technique has a unacceptable high penalty if 
applied blindly on a standard cell library (high node 
capacitances give low speed and high power con- 
sumption), and one would force the provision of 

- different versions of the same storage cell with dif- 
ferent upset strengths. 
Circuit level solutions: redundant storage cells can 
be designed with a variety of alternatives. This so- 
lution is applied also in commercial gate array li- 
braries and can be very effective, provided one can 
afford the extra area. 
System level solutions: safe circuits can be obtained 
using normal cells by introducing system level re- 
dundancy, such as parity and/or error detection and 
correction in data paths and state machines control- 
ling the correctness of their states (one-hot etc.). In 
our opinion this is the best technique because it 
leaves essentially to the designer the freedom to 
select higher optimal point in the redundancy/ ro- 
bustness space. 

An LET threshold of 15 MeV*cm2/mg has been meas- 
ured recently on flip-flops implemented on a quarter 
micron technology vwlth a c_ortve.ntional (nm.r9qpnt, 
static) architecture (Ref. 
robustness. These data have16l 
account the energy spectrum' of the"l'ILHC bac'kgilomid 
radiation, before any conclusive result can be drawn. 
Until now all the modeling and measurement efforts 
were concentrated on understanding the characteristics 
of storage cells. It is not excluded that ionizing particles 
could hit logic cells and/or clock trees at the wrong time 
and produce unwanted glitches. To the best of our 
knowledge, no systematic study of such effects in deep 
submicron has been performed until now. 

[so 

3. 1 DESIGN REMAPPING 
Circuit topologies for analog applications can not al- 
ways be remapped directly onto new deep submicron 
technologies. The reduction of VDD with almost constant 
V, and the constraint imposed by requiring enclosed 
NMOS devices may require a total or partial circuit re- 
design. In addition, the augmented number of available 
metals can be used for improving density or signal 
quality. 
The W/L parameter in enclosed NMOS devices is not 
any longer free, making some current mirrors painful to 
implement. 

2.4 IS YIELDANISSUE ? 
Industry's standard yield for digital H 
$ g X  g defect density__wel1 below 0.2 

geqmres 
éAu310g 

if the 

an 8 
mm 

3 KEY CHALLENGES 
The key technical and economical challenges associated 
wide the introduction of deep submicron technologies in 
HEP are briefly discussed below. 

3.2 TOOLS' AND DESIGN METHODOLOGY 
A typical coupling capacitance of a metal wire in a 
submicron technology may approach 0.2 EF/pm when 
adding all parasitics from neighbor wires. This com- 
pares with perhaps 15-30 fF of gate input capacitance 
(these might have been 0.1 EF/pm and ~100 fF respec- 
tively in a 0.6 pm technology). Metal interconnections 
are therefore becoming the dominating delay between 
logic cells. 
Presently available synthesis tools are essentially based 
on logic optimization, with an option on optimizing for 
speed or for area. Delays models are associated with 
gates and Wiese are the principal elements that determine 
path delays. Deep submicron technologies move tile 
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focus from gates to wires, which unfortunately is a 
strong function of the number of metals and of the final 
placement of the ASIC. The recent introduction of cop- 
per as interconnection metal for VLSI tends to alleviate 
this adverse trend moderately. 
A much stronger contribution to design optimization 
needs to be provided by the CAE tools. The simple lin- 
ear flow from early design synthesis, followed by place 
and route and capacitance back-annotation becomes 
complicated by requiring a good back annotation esti- 
mation to be known at an early phase of the design. 
High performance designs will depend heavily on the 
availability of such tools. Fortunately ASICS for HEP 
rarely have time critical paths (typical operating speed is 
< 100 MHz), and synthesis may still proceed along the 
traditional path. 

Tools are also needed for other functions, such as auto- 
matic metal filling for planarization purposes. Such 
tools can be programmed rather easily for digital appli- 
cations (an application can be seen in [13]), but can be 
rather difficult for analog designs, because of the extra 
couplings such floating layers may introduce. 

In addition, an increasing number of silicon foundries 
and their customers are becoming dependent on a few 
specialized companies providing digital libraries for 
deep submicron. Today a number of portable libraries 
are available from several sources, and their cost can be 
a significant fraction of an HEP ASIC project. 
What makes these libraries expensive and difficult to 
build is not the logic circuit themselves, but the difli- 
culty in providing accurate timing models when long 
metal intefggnngctg are present. 
45_§pecial library designed with radiation resistant rules 

Fiédeveloped recently to satisfy the request 
m . - _ _ o l e r m w ,  as well as latchup immunity and 
single event upset. This library uses very conservative 
design rules and is therefore far from optimal for a na- 
tive quarter micron technology; nevertheless it can still 
be considerably denser (~ 8 times) than in a generic 0.8 
micron technology. In addition, the possibility of using 
more than two metals for signal routing, makes routing 
channels redundant and another 40% area can probably 
be gained. 
The typical power consumption of a library cell when 
powered at 2 V is ~0.15 l.tW/gate*MHz, a reduction of 
more than one order of magnitude with respect to a 5 V 
0.8 um technology. 3.2.1 ANALOG MODELS 

The accuracy of analog models for deep submicron 
technologies has been examined in detail in [14] and 
[15]. In addition to the usual parameters studied in these 
papers, models for I-IEP should include the device deg- 
radation due to radiation. Fortunately these effects are 
quite limited in deep submicron, but a detailed study of 
these effects is still lacing. 

3.3 LIBRARIES 
For several years the trend in the semiconductor market 
has clearly been oriented towards a concentration of 
foundries in large companies, while many design houses 
are becoming tab-less. 
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especmally when this aspect is neglected at design 

Figure 5 Example ofNAND2 gate drawn with radiation _ Notice that the two NMOS de- 
vices are fully latchup protected in their own well. 
resistant layout rules. 

T 

3.4 TESTING AND DESIGN VERIFICA TION 
Testing in deep submicron is in principle no different 
from testing of previous technologies, apart from poten- 
tially having to observe more nodes, given the higher 
design density offered in new technologies. Neverthe- 
less this aspect of design has been left relatively uncov- 
ered until now in our community and will require much 
more attention in the future. 
The testing issue is of paramount importance to guar- 
antee an acceptable level of reliability for modules that 
can not be accessed - sometimes for many months - 
such as the front-end cards installed in LHC experi- 
ments. 
Traditional testing techniques, based on ad-hoc test 
boards, must be replaced or enhanced by parametric 
testers, which can exercise a circuit under a whole range 
of supply, timing and temperature conditions, thus en- 
suring robustness over a wide range of operating condi- 
tions. Self-calibration techniques must also be adopted 
at the circuit level, to have ASICS adapt themselves to 
new operating conditions, after - for instance - irradia- 
tion induced damage has occurred [17]. 
Testing can also represent a significant part of the ASIC 
cost, ` ' 

time. The operation of a typical integrated circuit tester 
can cost of the order of several dollars per minute, with 
an investment ranging in the 5-10,000 US$ per channel 
for a production tester and about one third as much for a 
design verification tester. In addition, no 'standard' 
mixed=signal tester exists, and each measurement con- 
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Today's microelectronics industry is chronically much 
weaker in providing good design tools for leading edge 
technologies and a large collaborative effort between 
HEP laboratories is necessary to make this technology 
generally available, especially for mixed-signal ASICS. 

5 Actuwowmnc is. 
The author is very grateful to all members of the RD49 
project who have enthusiastiMly contributed to the 
success of the deep-submicron project and to the man- 
agers and engineers of the different Companies who 
have collaborated with us for the design of the demon- 
strator circuits and have chosen to remain anonymous. 

figuration may require and ad-hoc setup, demanding a 
large programming effort. 
JTAG is a well established standard in the digital test 
domain, but testing of mixed signal ASICS requires 
much more designer ingenlulty to shorten expensive 
tester time. 
Finally, while digital test vectors translation is painful, 
but part of many design lots, analog 'test-vectors' are 
not easily transferable, and each measurement requires a 
specific configuration. Analog ATPG is not a well de- 
fined concept either, malting analog testing more expen- 
sive than digital testing. 
ASICS designed in HEP are largely surpassed by com- 
mercial integrated circuits with respect to performance 
of single channels, but the integration of many analog 
channels at low power in a single chip is still unique to 
particle physics data acquisition systems. Pulse elec- 
tronics and analog memories as used in HEP ASICS are 
not always susceptible to standard testing techniques 
used, for instance, in commercial RF equipment, such as 
FFT and spectral analysis. Analog memories would re- 
quire a per-cell calibration which may need thousand of 
input pulses to be generated and therefore long testing 
time might be required. 

3.5 ECONOMIC ASPECTS 
The global semiconductor market amounts to about 
l30B$ for 1998 and is growing at about 15% annually. 
Many tabs worldwide are capable of processing in ex- 
cess of 10,000 8" wafers per week. Any order coming 
for LHC electronics can only be of limited interest for 
such a foundry, especially considering that the investor 
has to amortize 1-2 B$ to recover the cost of the foun- 
dry itself. 
Economic factors whose control is totally outside the 
influence of the HEP community have to be clearly un- 
derstood through proper cost assessment to minimize 
the risks and lower the costs. While the investment in 
microelectronics seems huge from a physicist perspec- 
tive, our business is next to negligible for any modern 
high-volume silicon foundry, therefore demanding a 
much better coordinated approach to the foundry that 
englobes all collaborating HEP Institutes. The economic 
trade-offs between a generic high-volume, low cost 
technology and a special high-quality, expensive one 
should also be evaluated against the cost of design de- 
velopment. 
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