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ABSTRACT

The evolution process of Complementary Metal Oxide Semiconductor (CMOS) is very important for the
modern technology. CMOS beyond 22nm and toward 7nm faced many challenges and opportunities in
design.The downsizing evolution is reviewed on scaling theory as well as limitation issues focusing on
performance, power utilization, economical, technological and reliability issues.lt is expected that the CMOS
sizelimit of 7nm of physical gate length will be overcome in 2018 by using High-k materials. Besides, high-k
dielectric materials can reduce the current leakage problem. Behind the transistor downsizing, the lithography
technology is one of the key important processes. Several issues are being highlighted and discussed in term of
performance, power utilization, material, economical, and technological limitations.
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Introduction

The invention of the CMOS Large Scaled Integrated (LSI) into nanometer regime has become a serious
issue in integrated circuit(IC) of modern human society (Akter et al. 2008a, b; Reaz et al. 2007a, b;
Marufuzzaman et al. 2010; Reaz et al. 2003; Reaz et al. 2005; Iwai, 2012).Today’s advanced communication
and engineering technology could be never imagined without the latest massive evolution of the integrated
circuit(lwai, 2003; Reaz et al. 2006; Reaz and Wei 2004; Mohd-Yasin et al. 2004; Mogaki et al. 2007). Besides,
daily living, manufacturing, commerce, transportation, medical treatment, education etc cannot functionwithout
thesupport of the CMOS technology(lwai, 2008).Thus, the evolution process of CMOS technology is
veryimportant from the semiconductor industry and global economical point of view.The electronic circuit
evolution with the component dimensionis shown in Figure 1(Iwai and Ohmi, 2002).
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Fig. 1: The downsizing of component dimension.

There are lot of benefitsfrom CMOS downsizing which includeshigherperformance, lower power
consumption, higher density and lowercost(Kin and Park, 2011). LSI products are sold well in the retail rapidly
to replace the products of the previous generation.In this paper, the evolution of CMOS downsizing technology
is reviewed on scaling theory as well as limitation issues focusing on performance, power utilization,
economical and technological and reliability issues.
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Background:

For more than 40 years, the semiconductor industry has recognized itself by the fast trackof advancement in
its products. In 1965, Gordon E. Moore, the co-founder of Intel,expected that the number of transistor which can
be placed in cutting edge IC chips is doubling approximately every two years without correspondingly
increasing the cost of the chip (Moore, 1965). Figure 2shows the Moore’s Law which relate to the number of
transistors in Intel’s Microprocessors. This prediction continuespractically true as microprocessors observedtheir
number of transistors rise from 2250 in Intel’s 4004(1971) to 731 million in Intel’s Pentium iCore 7(2008).
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Fig. 2: Moore’s Law in Microprocessors.

This extraordinaryevolution of microprocessors has been made viable by frequent downsizing of the metal
oxide semiconductor (MOS) field effect characteristic. As they become smaller, they also become cheaper,
utilize less power, turn out to be faster, and allowadditionaltasks per unit area of silicon.Thus, the compactness
of silicon IC is able to understand, recommending excellentoperation at cut downprice per function. In reality,
the perfect scaling method proposed by Dennardboost the performance and integration excellently without
slightly increase in power utilizationon condition that the chip area is kept stable (Dennard et al. 1972). On the
other hand, the actual scaling development for the 30 years from 1970 was more aggressive. Table 1 shows the
improvement of 1Cs with examples of each trend.

Table 1: Improvement trends for ICs enabled by feature scaling.

Trend Example
Integration Level Components/ Chips, Moore’s law
Cost Cost Per Function
Speed Microprocessor throughput
Power Laptop or cellphone battery life
Compactness Small and light weight products
Functionality Non-volatile memory, imager

The basic technology behind this evolution is the CMOS downsizing. MOS transistor is the basic building
block of the information infrastructure. Its scaling has provided path toward ever denser and faster integration.
Figure 3 shows the basic structure of CMOS.
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Fig. 3: The structure of CMOS.
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The main theory of downsizing is to lessen all the sizes of a transistor by a factor, . In addition to reducing
size, certain parameters must be increases or decreased. As the channel length is reduced, the performance
improves.The power per switching goes down and the density improves. Figure 4 shows the CMOS downsizing
and the Table 2 summerizes the CMOS parameters involved in downsizing.

Fig. 4: The illustration of CMOS downsizing.

Table 2: The CMOS parameters involved in downsizing.

Parameter Constant F downsizing Generalized Downsizing
Device Dimension (Lg, ¥, £5,.) 1/ 14k
Doping Concentration K aK
Voltage (V) 1/ afic
Electric Field (F) 1 a
Carrier velocity (V) 1 1
Depletion Layer Width (Fg) 1fw 15
Capacitance, (&' = g4/t ) 1/w 1/
Current (f) 1/w i
Circuit Delay Time (T~ &V £ 1frc 14k
Power Dissipation per Circuit (F~FF) 1/x% &/
Power-delay product per circuit (PT) 1/ 174
Circuit Density (% 1 /4) K2 K2
Power Density (P £4) 1 el

Discussion:
Evolution In Cmos Downsizing:

The evolution of CMOS downsizing has been achieved by the downsizing of their components such as
MOSFETSs.Ever since their beginning of early 1970’s, there were many downsizing limits from the 0.8 pm
generation. In the middle of 1980°s, 1 um was believed as the feasible limit due to the predicted problem in
restraint of the short-channel effects and also due to the predicted problem in optical lithography(lwai, 2004).
However, in late1990’s, 0.25 pm was advised as the limit due to the increment of the estimated source/drain
resistance and predicted direct-tunneling leakage within the gate oxides and dopant fluctuation in the channel
(Iwai, 2009). Additionally, in the beginning of the year 2000’s, 100 nm was assumed to be the end point due to
many predicted problems in minimizing the physical factors of MOSFETSs. Luckily, each expected limit has
been verified wrongly by the successful evidence of commercial products using a smaller MOSFET size
compared to the expected by the limits.

At the moment, the 22nm node is the CMOS procedure phase resulting 32 nm. Based on the Figure 5, in the
CMOS generations from 90 nm to 22 nm shrinking, the transistor reduced the performance. However, the
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boosters were added (strain polysilicon in the 90 nm and 65 nm nodes and strain +High-k metal gate in the 45
nm and 32 nm nodes) to keep on to steer the transistor roadmap ahead.
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Fig. 5: Transistor Continuous Scaling.

The future replacement to 22 nm gate length will be 7 nm gate length, predicted by International
Technology Roadmap for Semiconductor (ITRS) for 10 years up to 2018(Iwai, 2009). Gate oxide thickness
must be two guidelines of magnitude smaller than that of the gate length (0.7 nm). At the moment, the 1.2 nm
thick oxynitride film being utilized in manufacturing and it is predicted the silicon dioxide equivalent
thicknesswill be decreased by 0.5 nm in ten years later(lwai, 2004). Even though it is proved that a MOS
transistor with 0.8 nm oxynitride gate insulator is still operating, several critical issues are expected when
recognizing an LSI with such a thin gate insulator. It is not easy to expect the limit of the downsizing.There are
several possible limits have been recommended for the downsizing as shown in Table 3.

Table 3: Predicted limitations for downsizing.

Year Expected Limit Size
1971 10 um
1975 3um
1982 1.5 uym
1985 1um
1989 800 nm
1994 600 nm
1995 350 nm
1998 250 nm
1999 180 nm
2000 130 nm
2002 90 nm
2006 65 nm
2008 45 nm
2010 32 nm
2011 22nm
Future(approximate 2013) 16 nm
Future(approximate 2015) 11 nm
Future (approximate 2018) 7nm

Limitations in CMOS Downsizing:

Future Scaling trends have been predicted by ITRSfor the ten years up to 2018 while the physical gate
length is predicted to be 7nm (Iwai and Wong, 2006). There are some challenges for the integration in the
CMOS downsizing which are performances challenges, power consumption challenges, economical challenges
and technological challenges.

Performance Limitations:

The major problems for performance degradation in the ultra-large scale circuits is the interconnect delay
due to the increment in the resistance and the capacitance (Kuhn, 2009) values of narrow and dense
interconnection metal lines.For instance, while the dimension of copper wire is cut to less than 1200nm width, the
resistivity of the conductor will raise surface scattering effect, as shown in Figure 6 (Iwai, 2007). In accordance
with scaling theory, the drain current per unit gate width ought tokeep onstable. Nevertheless,
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animportantdecrease of the drain current value per unit gate width for sub-100 gate length MOSFETs was
reported recently (Iwai, 2007). This fact is due to the non-optimized MOSFET structure and procedure.
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Fig. 6: Increase of resistivity because of surface scattering effect.

At this time, inadequateimprovement of MOSFET structure and procedure is considered to be the cause for
this and the beginning of new technologies.For example,raised source drain, plasma doping combined with flash
or laser strengthening, NiSisalicide, mobility improvement by strained Si channel, silicon on insulator (SOI) and
three-dimensional structure, high dielectric constant (high-k) gate insulator, and low dielectric constant (low-k)
interlayer for interconnects are likely to definitelyanswer the problems and increase the performance (Kuhn,
2011). Low-k materials apply for back end procedureundergo from high mechanical and thermal stress
throughout packaging stage. The high-k materials may possiblyreduce the current leakage problem when the
dielectric is made to turn out to benarrower to sustain physical scaling (Kuhn, 2011). In spite of this, the trend of
these materials to transform their properties in high temperature is among the challengesrequiring to be
explainedseparately of adding additionalindustrial process.

Besides that, the enhancement of new circuit and system design architecture is also increases the
performances of the integrated circuits. Parallel processing and optimized interconnect with the support of
steeringdevices are two best samples. As explainedafterward, system-on-chip(SOC)approach by embedding the
DRAM in the logic unit enhances the transfer speed between logic and memory units (Haron and Hamdioui,
2010). It is predicted that on the whole, performance of electronic system might be increasedmore at least down
to the production of 20 or 10nm lengths as a result of both the bettertool technology and new system structures.
On the other hand, for sub-10nm gate length transistors, the drain current level should be better.

Material Limitations:

For the scaling of CMOS transistors, new materials are proposed as shown in Figure 7(Haron and
Hamdioui, 2010). It is because Silicon (Si), Silicon dioxide (SiO,),Aluminium (Al), Copper (Cu) and Salicides
are restricted by their physic potentials such as relative dielectric constant (e), carrier mobility (x), carrier

saturation velocity (v.), breakdown field strength (E,) and conductivity. Since, these materials achieve their

physical limit, a device cannot sustain with their operation performance. Even though Cu is less susceptible to
electromigration than Al, the substance is more susceptible to open defect when used as interconnect wires. The
ultra-thin gates SiO, were appeared to be more reliable due to the better consistency for the thinner film and
furthermore due to a small amount of trapped chargers caused by tunneling. The new materials such as high-k
gatedielectrics and new structure such as three dimensional MOSFETs should be carefully introduced to avoid
fatal problem in reliability and yield issues for integration (Martin, 2011).

Power Utilizationlimitations:

Power utilization for high performance logic integrated circuit is the limiting aspect of the logic CMOS.
Lowering the supply voltage is the bestefficientapproach to reduce the dynamic power utilization(lwai, 2009). If
the current tendency in the chip frequency and the number of the transistors of the chip persist, power utilization
of a high performance microprocessor would turn out to be 10kW within several years and heat generation at the
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silicon chip surface would become 1000W/cm?. It is equal point of the surface of a rocket nozzle (Iwai, 2007).
The important increase in power compactness is the result of the deficient supply voltage decrease and the
exponential increase in the transistor density. Low voltage technology (even though is complicated) and suitable
control of the increase in chip density and chip dimensionat the same time with certain new cooling technologies
possibly willin some measureanswer this problem. In addition, a few innovative system power management
processes, for example variable clock frequency and variable voltage supply, will also assist in this matter.
Alternatively, the gate leakage current can be decreased by using a materially thicker high-K dielectrics and the
sub-threshold leakage current can be covered up by using a three dimensional(3D) structure, such as fin-
FET(lwai and Wong, 2006) as shown in Figure 8. Those quotas would be proposed for low stand-by power
gadgets, even earlier than the high performance logic units recognized and the manufacturing cost becomes
rational(Iwai and Wong, 2006).
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Fig. 8: Multiple gate or Fin-FET structure should be used to have a better control of the short-channel effects.
Economical Limitations:

The increasing cost in semiconductor industry is basically contributed by the cost of production and testing
that growing exponentially with the time as the CMOS size is downsized. A new wafer foundry as shown in
Figure 9 could cost approximately 25 million dollar today, and will rise by one-fold in 2010, as forecasted by
The National Institute of Standards and Technology (NIST).The increment of the cost is also mainly caused by
the equipment cost, clean room facilities, and lithography process difficulty (Wider and Neppi, 1992). The
reduced size of circuit is sensitive to hard and soft faults. These defective-prone circuits require to be verified
comprehensively with the purpose quality assurance. Moreover, complicated test technique will acquire extra
testing steps and time as a result increasing the test cost.
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Fig. 9: Wafer foundry cost.

The cost minimum changes advance toward the lower right from year-to-year, as shown inFigure10. On the
other hands, with continuous time and technology advancement, it is useful in order to increase the amount of
components on an IC chip (Schwierz et al. 2010). This study is a basic significance since in semiconductor
industry, cost is universal problem. On condition that the cost per component can be reduced by a realistic
aspect when increasing the IC difficulty, the amount of devices per chip will be increase from one circuit
production to the following production.
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Fig. 10: Average transistor prices by year.
Technological Limitations:

CMOS transistors are essentially pattern on wafer by means of lithography and masks. It aims that the
lithography technology is one of the main drives behind the transistor downsizing. On the other hand, the
lithography procedures cannot manage with the decreasingcharacteristic of CMOS transistors. Lithography
techniques such as proximity X-ray steppers and ion beam are limited by complexities in managing mask-wafer
space and consistent exposure of photoresists on wafer. Additionalcrisis is the incapability of polishing
procedure to sustain the consistent thickness of wafer and reliable mask according to(Gupta et al. 2003).
Referring toSkotnicki et al., (2005), patterning lesser feature than wavelength of light needs trade-off
amongdifficulty, pricey masks and potential design limit. Figure 11 shows the development of mask from the
180 nm technology to the recent technology.
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Fig. 11: Evolution of CMOS mask pattern.
Conclusion:

The evolution of CMOS beyond 22nm and toward 7nm faced many challenges and opportunities in design.
The CMOS downsizing limitations are addressed in term of performance, material, power utilization,
economical and technological limitations.The performance of the CMOS is estimated to increase together with
the new material and technology development. Besides, high-k dielectric materials are being explored and could
reduce the current leakage problem. It also reduces the power utilization with the help of variable clock
frequency and variable voltage supply. Behind the transistor downsizing, the lithography technology is one of
the key important processes. But then, it cannot handle with the CMOS downsizing due to the difficulty of the
procedure that can be too costly. The technology advancement will focus on the manufacturing items
concerning in producing the low-priced chip. Hence the progress of manufacturing will arise and technology
revolution from the recent approach clean room, wafers and apparatus will carry on.
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