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This is an introduction to the Classic Paper on MOSFET scaling
by R. Dennard et al., “Design of Ion-Implanted MOSFET’s with
Very Small Physical Dimensions,” published in the IEEE Journal
of Solid-State Circuits in October 1974. The history of scaling
and its application to very large scale integration (VLSI) MOSFET
technology is traced from 1970 to 1998. The role of scaling in the
profound improvements in power delay product over the last three
decades is analyzed in basic terms.
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I. FOREWORD
The Classic Paper by Dennard et al., “Design of IonImplanted MOSFET’s with Very Small Physical Dimensions,” [1] published in 1974, is regarded as the seminal
reference in scaling theory for MOSFET integrated circuits.
(It is referred to as the “scaling paper” in this document.)
Integrated circuits experienced exponential improvements
in many parameters from the beginning. The “scaling
paper” provided the guiding principles to take advantage of
these improvements in terms of MOSFET device design,
circuit design, and chip design.1 It is timely to recognize
this paper as people are currently attempting to record the
phenomenal early history of integrated circuits. Typifying
this are the histories recorded by Malone [2] and Bassett
[3], which include sources of information not found in the
technical journals.
I had the good fortune to be involved in the original
work on scaling as well as its application to products
spanning almost three decades. My perceptions of the
early development and demonstration of scaling MOSFET
technology are presented in the first part of this paper. This
is followed by my observations of how scaling principles
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1 Gordon Moore published his famous projection in the 1975 IEDM
Digest, in which he stated that the number of components on a chip
essentially doubles each year. This is now popularly known as “Moore’s
law.”

have become dominant factors in strategies for MOSFET
integrated circuits.
II. INTRODUCTION
Let me begin by reflecting on the situation in 1970, when
the work reported in the “scaling paper” began. The period
from about 1964 to the early 1970’s had experienced an extraordinary revolution in integrated-circuit technology, with
many people and organizations making major contributions.
A wide array of techniques and approaches were being
explored and developed. By 1970, the bipolar junction
transistor technologies, which had accumulated over two
decades of learning, were being seriously challenged by
MOSFET’s in applications where chip density and cost
factors were of prime importance. Numerous start-up companies, as well as established companies such as Texas
Instruments, Fairchild, RCA, Motorola, and companies
in Europe and Japan, prepared to exploit the emerging
MOSFET technology for logic and memory applications.
Some of these parts were already on the market and many
were being developed. For example, Intel’s first DRAM
chip, using a three-device cell [4], was under development
and they were developing a microprocessor on a chip.
During this epoch from 1964 to 1970, IBM had also
pursued aggressive programs in integrated-circuit logic and
memory [5]. A high-level decision was made in January
1968 to abort further development of ferrite and thin
magnetic film memory technologies in favor of semiconductor memories. A 128-bit bipolar main-memory chip
was qualified in 1969. The company geared up for largescale manufacturing with volume shipments of high-end
machines in early 1971.
The development of MOSFET main memory at IBM
lagged a year or two behind the development of bipolar
memory. Bob Dennard, Fritz Gaensslen, and I had been
part of an IBM Research Division project that developed a
high-speed, NMOS, main-memory technology using a sixdevice cell [5], [6]. This technology was transferred by
means of a joint program to the IBM Components Division
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in 1967–1968. Operating 512-bit chips were being tested
in high-end systems in 1969. By 1970, the qualification
and scale-up for large-scale manufacturing of 1- and 2-kbit
chips were well underway.
III. DEVELOPMENT OF THE PRINCIPLES
OF MOSFET SCALING
In 1970, IBM Research was searching for a technology
to fill the cost/performance “file gap” between movable
head magnetic disks (which had low cost/bit but high
latency time) and random access main memory (which
had high performance but high cost/bit) for transactionbased systems. Fixed head files using high-speed drums (or
disks) with low latency time were being employed as cache
storage. Magnetic bubble technology was emerging as a
possible candidate. In mid 1970, Don Rosenheim (Manager
of Applied Research) and Sol Triebwasser challenged my
department to propose a “monolithic file” for this application. The cost goal was one millicent/bit, a factor of about
1000 times less than the then current cost of main memory.2
Bob Dennard was the manager of a small group reporting
to me. The group included Fritz Gaensslen and Larry Kuhn.
Several types of memory circuits were considered: shift
registers; the bucket brigade shift register; charge coupled
devices; and the one-transistor DRAM cell. As inventor of
the one-transistor DRAM cell [7], Bob was eager to make it
a viable candidate and soon proposed a preliminary design,
which utilized his cell. Several breakthroughs were required
to achieve the technical and cost goals. These included:
• shrinking dimensions on the chip to about 1 m, which
required advances both in lithography and silicon
processes;
• dramatic improvements in yield to allow larger chips
and higher resolution lithography which, unfortunately,
would print smaller, much more numerous defects;
• a means of sensing the very small signals on the bit
lines.
During the next several years, each of these problems were
solved. The experts in advanced electron beam and optical
projection in the Research Division provided leadership for
the 1- m lithography. Hwa Yu and his processing group
were the prime movers of advanced processing. They took
advantage of the emerging capabilities of ion implantation
and dry etching, including basic work on anisotropic Reactive Ion Etch (RIE). The oxide specialists made tremendous
strides in learning to grow high-quality, thin gate oxides.
Bit-line and word-line redundancy techniques [8], [9] were
developed to greatly ameliorate the yield challenges. The
latch sense amplifier [10] with the addition of dummy cells
[11] solved the sensing problem.
A 5 shrink of the existing technology was needed to
achieve 1- m dimensions. Bob and I decided that rather
than designing the 1- m technology from scratch, we
would scale from some well-characterized devices which
had channel lengths of about 5 m and could be operated
2 In fact, low-cost DRAM did displace fixed head files by the early
1980’s.
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with voltages up to 20 V. We observed that if the electric
fields were kept constant, the reliability of the scaled
devices would not be compromised. In addition, if we could
keep the fields in the silicon constant, we would expect
fewer problems with short-channel effects and channellength modulation. Engineers of that era, who relied on
slide rule calculations, were well versed in similitude or
scaling. Indeed, in the 1960’s we had gone through three
levels of technology at the research level from 24 V to 12
V to 6 V. We had used rudimentary scaling to guide our
device and circuit designs.
A few days later, Bob and Fritz Gaensslen had derived
the constant-field scaling theory and its limitations. The
scaling theory had remarkable implications on circuit performance, circuit power, and power density, as well as the
more obvious chip density. A key to the scaling was that
all dimensions including wiring and depletion layers and
all voltages including thresholds were scaled in concert.
This will be discussed in more detail below. Since that
time, the scaling principles have become essential tools in
determining strategy and designs for advanced MOSFET
integrated-circuit technology.
The “scaling paper” and earlier publications from the
same project actually have two very significant contributions:
• the first demonstration of a scaled 1- m MOSFET
suitable for high-speed digital applications;
• the development of the scaling principles and their
limitations.
IV. DEVICE SCALING AND HARDWARE DEMONSTRATION
Dennard’s group immediately dove into demonstrating
the viability of MOSFET scaling using two devices:
• an existing, well-characterized 20-V reference device
with a 5- m channel length and a 100-nm gate oxide;
• a scaled 4-V device with 1- m channel length and a
20-nm gate oxide (the scaled device was similar to the
devices actually used in the mid-to-late 1980’s with
5-V supplies).
Hwa Yu led the advanced process development effort.
The first devices used conventional doping techniques and
contact printing. The project was very successful and the essential accomplishments were presented at the International
Electron Devices Meeting (IEDM) in 1972 [12]. This was
the first formal presentation of the work. At that time, the
IEDM only published abstracts, although Dennard recently
provided a copy of his slides and text of the presentation
[13]. One of the key slides, shown in Fig. 1, summarizes
the device scaling principles. All dimensions and voltages,
including the threshold voltage, were scaled down by a
while the substrate doping was scaled up by
factor of
(Note that the “scaling paper” uses rather than for
the scaling factor.) The structures of the two MOSFET’s
are shown in Fig. 1 for a scaling factor of five, which
should result in scaling down of the threshold voltage
In fact, the experimental
and the device current by 5
device characteristics followed the simple scaling laws very
PROCEEDINGS OF THE IEEE, VOL. 87, NO. 4, APRIL 1999

Fig. 2. SEM photo of cells on 8-kbit DRAM chip using 1.25-m
lithography published in 1975 [19].

Fig. 1.
[12].

Device scaling slide from the 1972 IEDM presentation

closely. (The actual experimental curves are given in Figs. 2
and 3 of the “scaling paper.”) The IEDM presentation also
described the overall circuit and chip scaling principles in
some detail.
The final paragraph of the text for the IEDM presentation
shows that the authors were well aware of the potential for
scaling to achieve high-speed MOSFET circuits.
Finally, we conclude that the performance gains to
be achieved with miniaturization of MOS devices,
particularly when combined with other improvements in processing and structures which appear to
be in the making, will be truly phenomenal.
Dennard wrote an invited paper [14] in 1993, in which
he records his perceptions of how the paper was received
by the IEDM audience.
When I presented the talk at the IEDM in Washington, the attendees expressed a lot of interest, but also
a great deal of disbelief. There had been only a little
previous work on small dimension MOS transistors
aimed at high-frequency amplifiers, and ours was
the first 1- m transistor fully characterized and
shown to be suitable for digital circuit operation.
However, when I talked about the need for a 200Å insulator in our device, I heard a lot of laughter
in the audience. At that time, many people thought
that it was difficult to make thin insulators and that
1000-Å was near the limit of practical use!
A small memory array, which used the scaled devices,
was built utilizing electron beam exposure in cooperation
with T. H. P. Chang and his advanced electron beam
lithography group. A paper was published in 1973 [15].
Once the basic device scaling principles were demonstrated, Dennard, Yu, and their groups moved to take
full advantage of the newly emerging ion-implantation
capabilities to tailor the substrate doping for optimum turnon characteristics and to build self-aligning gates with
CRITCHLOW: MOSFET SCALING

Fig. 3. Trends of chip density and clock frequency for leading
edge microprocessor products over two and one half decades.

shallow junctions. Further improvements to the device
designs were made with Andre LeBlanc from the IBM
Burlington Laboratory and Leo Rideout joining the effort.
Finally, the “scaling paper” [1] was published in 1974.
Other researchers were also investigating the design of
very small devices and low operating voltages. For example, Hoeneisen and Mead published an excellent theoretical
paper [16] in 1972 that dealt with some of the fundamental
limitations of MOSFET’s. They projected that it would be
possible to build a 2-V transistor with a channel length
of 0.4 m and a 14-nm gate oxide. That same year,
Swanson and Meindl [17] described very low-power, lowspeed CMOS circuits which could operate with voltages as
low as 0.2 V.
V. DEMONSTRATION OF SCALING OF AN 8-kbit DRAM
Once the scaled device design was demonstrated, Dennard and Yu led an effort to build a complex scaled DRAM
chip using electron beam exposure. They started with
the design data from an 8-kbit PMOS DRAM developed
at the IBM Burlington Laboratory [18]. The dimensions
were scaled from 3.75 to 1.25 m. It was found that the
available etching techniques were not satisfactory. Single,
isolated devices with dimensions of 1.25 m could be built
using isotropic (wet or dry) etching available. However,
the processes were not adequate for the complex, tightly
packed structures on a DRAM chip. Hwa Yu developed an
anisotropic dry etching process providing the breakthrough
required. This was perhaps the first use of dry anisotropic
etching for complex structures at these dimensions. The
661

Table 1
Idealized Scaling

scaled 8-kbit chip was successfully implemented and a
paper was published in 1975 [19]. The SEM photo in Fig. 2,
which is from that paper, shows the remarkable delineation
achieved. This demonstrated scaling in a dramatic way
and had a major impact on IBM and many people in the
industry.
Our attention was then focused on using scaling to
develop a 1- m high-speed MOSFET technology for highperformance SRAM and logic chips, one of the goals being
to replace bipolar transistors in mainframe computers. This
work included an investigation of operation at liquid nitrogen temperature to take advantage of the higher mobility
and the sharper turn-on characteristics. A series of eight
papers [20] that took full advantage of the scaling principles
was published in 1979.
VI. CONSTANT-FIELD SCALING VERSUS
CONSTANT-VOLTAGE SCALING
The essence of constant-field scaling is summarized in
Table 1, in which ideal scaling is assumed and the secondorder effects are neglected. As noted above, all dimensions
(including wiring) and voltages of a circuit are scaled in
The doping level of the substrate
concert by a factor of
is increased by so that the depletion layer thickness scales
down with The circuit gets faster by the power/circuit
the power delay product improves by ,
is reduced by
and the power/unit area remains constant.
These remarkable results demonstrated that we could
move to very high levels of integration while making
the chips faster and keeping the power dissipation at
reasonable levels. For example, scaling by 5 provides
25 more circuits with the same chip size and results in 5
performance increase with no increase in chip power. Of
course, as the number of circuits/chip is increased, the space
required for interconnections on the chip tends to increase.
This can counteract the density, performance, and power
improvements somewhat. However, in practice, putting
more function on a chip has efficiencies, which offset the
effects of the extra wiring requirements. In addition, extra
levels of wiring can be used.
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The results are quite different when all of the dimensions,
but not the voltages, are scaled. This is referred to in Table
1 as constant-voltage scaling. The circuits are faster by
rather than as was the case with constant-field scaling.
However, this neglects the fact that velocity saturation
and intrinsic device resistances limit the performance gain,
particularly at very small device dimensions. Note that the
power/circuit increases by and the power delay product
improves only by 1/ Perhaps most important is that
rather than being
the power-per-unit area increases by
constant as in constant-field scaling. Since the fields in
critical questions
the gate oxide and silicon increase by
arise regarding gate oxide reliability, velocity saturation,
and hot electron damage. In addition, the sharpness of
the MOSFET turn-on characteristics and the variation of
threshold voltage with channel-length and applied voltages
become more problematical.
In both types of scaling, the interconnection resistance
effects become more pronounced as dimensions are shrunk
of the wiring stays
as shown in Table 1. The
drops
constant while the circuits become faster. The
in the ground and power supply lines become larger fractions of the power supply and threshold voltages. Solutions
to these limitations are discussed in Section IX.

VII. THE 5-V ERA
Most of the early MOSFET products used PMOS devices
with power supply voltages ranging from 10 to 20 V
with saturated or linear load devices. There were soon
tremendous industry pressures to insure compatibility with
5-V TTL chips. Therefore, MOSFET chips moved rather
quickly in the early 1970’s to TTL standards, first by
providing a TTL interface and, soon after, moving to a
single 5-V supply. In many cases, reducing the power
supply voltages to 5 V had the effect of actually reducing
the fields substantially with rather significant performance
losses, unless the devices were scaled accordingly. In
the early 1970’s, most companies using PMOS converted
to NMOS to achieve higher performance. The NMOS
depletion load device [21] was introduced to allow full
rail-to-rail voltage swings and improvements in power and
performance. Device capacitances due to gate overlap and
deep source/drain diffusions were reduced dramatically
from those of the early devices.
The technologies were shrunk repeatedly (both in the
vertical direction as well as in the plane of the wafer) over
a period of at least 15 years with the supply voltage kept at
5 V. Improvements in materials, processing, and transistor
design allowed operation at higher electric fields and the
circuit speeds improved over the years. As noted above,
because of velocity saturation and intrinsic device resistance effects, the performance gains of actual devices were
much less than those predicted by ideal constant-voltage
scaling. As the circuits were scaled, the power/circuit
increased dramatically, which ultimately resulted in cooling
limitations. In addition, the high fields raised reliability
concerns.
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The possibility of reducing the power supply voltages
to 3.3 V to alleviate the power problem started to be
pondered seriously in the industry by the mid-1980’s. There
were many discussions at technical conferences and in the
standards committees and several companies considered
using developing 3.3-V technologies. This was met with
high levels of resistance from systems and marketing people
since the industry had a tremendous investment in 5V parts. In addition, interfacing between 5 and 3.3-V
parts was problematic. However, there was another, less
obvious, factor. The tolerances on channel length must
scale with channel length in order to maintain an acceptable
part-to-part performance spread. For a given performance,
a device designed for high voltage operation will have
a longer channel than one designed for lower voltage
operation. Therefore, for a given lithography tolerance, the
higher voltage device has a lower percentage tolerance in
channel length resulting in lower part-to-part spreads in
performance.
CMOS provided a solution to the power problem since it
essentially eliminated the static or dc power. This extended
the useful lifetime of 5-V by several years. As additional
functions were integrated on the chip, the fraction of the
time during which a given CMOS circuit was active was
greatly reduced (on the average). This also helped maintain
reasonable chip power.
The next barriers to overcome for 5-V devices were
high field effects, e.g., hot electrons, which limited channel
lengths to about 1–1.5 m. Improved device structures,
such as graded junctions and the lightly doped drain (LDD)
MOSFET using a spacer technology [22], provided relief
and extended the 5-V technologies to channel lengths of
about 0.6 m.
By the late 1980’s, there were two intense drives in the
industry:
• very high-performance systems such as workstations;
• portable, battery-powered equipment requiring much
lower power, but also requiring high performance;
low-voltage, low-performance, battery-powered applications such as wristwatches and portable electronic
devices had been important markets for many years.
It was increasingly clear that power dissipation and reliability were rapidly becoming limiting factors for high
performance 5-V systems. Finally, it was necessary to scale
to lower voltages for products in the 1990’s and beyond.
VIII. SCALED POWER SUPPLIES—AFTER 5 V
By the late 1980’s, the industry was moving quickly
to lower voltages for leading edge applications in highspeed processors. Technologies optimized at 3.3 V [23]
and high-speed 3.3-V processor chips [24], [25] were
being developed. Lower voltage DRAM chips for portable
equipment were under development [26]. The operating
voltages of leading edge products have moved rapidly
from 3.3 V to 2.5 V [27], [28] to 1.8 V and lower
[29]. Several 1.8-V chips (presently in early development
and manufacturing, with channel lengths of less than 0.15
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m and gate oxides of about 4 nm) have been described
[30]–[32]. Clock rates up to 1 GHz have been demonstrated
on experimental 64-bit microprocessors [33]. The 1997 SIA
National Technology Roadmap [34] projects power supply
voltages of about 1.2 V and gate oxide thickness of about
2–3 nm by 2003. A number of excellent papers have been
written over the last few years which describe the advances
in low-power and high-performance systems [35]–[41].
IX. DEALING WITH THE SCALING LIMITATIONS
As described in the “scaling paper,” the basic limitations
of scaling are the threshold characteristics of the MOSFET and resistance effects for the interconnections. The
magnitude of the threshold voltage does not scale well
for voltages less than about 1.5 V. In addition, shortchannel effects, where the threshold varies as the channel
length and applied voltages change, cause degradation of
circuit performance. Device designers have succeeded in
improving the turn-on characteristics of the devices by
optimizing the doping profiles of the channel region and the
source-drain electrodes using ion implantation, as described
in the “scaling paper.” The move to CMOS has made the
circuits less sensitive to body, or substrate, effects, allowing
higher doping to be used. More sophisitcated approaches
to scaling, sometimes referred to as “generalized scaling,”
have been developed [42]–[44]. This approach essentially
utilizes a compromise between constant-field scaling and
constant-voltage scaling in which the gate oxide thickness
and the channel length scale more rapidly than the supply
voltage.
Circuit designers have learned to design high-speed circuits with larger off-currents and larger short-channel effects. In addition, multiple device designs, for example, the
use of different gate oxide thicknesses, each tailored to a
specific purpose, can be used on the same chip. SOI shows
promise for achieving improved characteristics. Circuit
designers are now developing circuits that are more tolerant
of the short-channel effects. The net result is that it is now
feasible to scale the threshold voltage lower than what was
deemed practical even a few years ago, keeping the door
open for further scaling of the technology in the future.
The resistance problem has been dealt with by a number
of techniques.
• Wires have not been shrunk in the vertical direction as
much as scaling rules prescribe. This allows a tradeoff
between the wiring resistances and capacitances.
• Silicides have been added to polysilicon gates and
diffusions to lower the electrode resistances.
• Additional levels of metal have been added to contain
problems by allowing wider, thicker
the
wiring at the higher wiring levels. Similarly, very thick,
wide wires are used at the upper levels to provide
adequate ground and power distribution systems.
• Copper wiring has been introduced recently to reduce
resistance.
• Design tools have been developed which allow optimization of wiring to minimize the effects of resistance.
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(a)

(b)

(c)
Fig. 4. Long-term MOSFET technology trends showing: (a) gate oxide thickness; (b) channel
length; and (c) power supply voltage.

A good overview of the technology and design of the wiring
for leading edge high-performance chips using 0.22- m
CMOS technology with copper wiring is given in [45].
The many tradeoffs among chip density, wire length, and
performance have been treated rather thoroughly [46], [47].
X. THE BIPOLAR CHALLENGE
From the early days of scaling, it was projected that
at some point MOSFET technology would replace bipolar
technology for high-speed machines. The relative simplicity, high packing density, low power, and ease of scaling
of MOSFET’s were essential leverages. The net result was
that much more functionality could be built on a MOSFET
chip with the attendant advantages. This led to CMOS
performance similar to that of bipolar technology but at
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a much lower product cost. Finally, by the early 1990’s,
CMOS was becoming the dominant high-end, high-speed
digital technology [25], [48]–[49].

XI. AN OVERVIEW OF SCALING HISTORY
The plots of Fig. 3 illustrate the profound advances in
chip density [50] and clock frequency [47] over 25 years.
The number of transistors/chip has increased by about
1600 (1.35 /year). The clock frequency has increased by
about 3000 (1.38 /year). It should be noted that while
clock frequency is a very convenient and common measure
of system performance, it is not particularly accurate since
the actual computing power of the system is influenced
strongly by the particulars of the system architecture.
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It is interesting to reflect on the history of scaling
over three decades. The overall trends for device parameters in leading edge microprocessors are shown in Fig. 4.
(A spread of 1.5 is shown to account for variations
among manufacturers.) Initially, the device technologies
and designs were relatively crude and there were wide
variations in the power supply voltages. The need to be
TTL compatible led to the widespread adoption of 5-V
supplies by the mid-1970’s. As mentioned heretofore, many
of the MOSFET technologies in the late 1970’s could
have been used an operating voltage exceeding 5 V (with
the attendant higher fields). This would have given higher
performance. Therefore, the move to 5-V MOSFET chips
was a compromise in many cases, especially if power was
not a limitation.
During the period from about the mid-1970’s to the
late 1980’s, essentially constant-voltage scaling prevailed.
Continuous improvements in gate oxide processing allowed
increasingly larger electric fields to be used. CMOS was introduced and improved device designs allowed shorter and
shorter channel lengths. Finally, in about 1990, chip power
limitations, coupled with reliability concerns, propelled the
movement to lower supply voltages.
From about 1990 and into the next decade, the strategy
was that of reducing the voltage about 1.5 every few
years. The scaling, while similar to the scaling principles put forth in the “scaling paper,” are much more
sophisticated, and “generalized-scaling” theories have been
developed.
Determining and accurate history of device performance
over three decades is difficult since much of the data in
early papers were incomplete. Therefore, for this paper, the
overall performance gain from 1975 to 1998 was estimated
The variable
is the
using the simple metric
is the power supply voltage,
total gate capacitance,
and is the device current with both gate and drain tied to
Experimental data from published papers [51], [52]
gives a rate of increase of basic device performance of approximately 1.2 /year from 1970 to 2000. This corresponds
to a performance increase of approximately 100 from
would suggest.
1975 to 2000. (This is less than
The difference is due to velocity saturation and resistance
effects in real devices.) The additional 30 , or so, needed to
explain the clock frequency trend curve of Fig. 3 is due to a
host of improvements including improved circuits, CMOS,
the leverages afforded by including more functionality
on a chip, improved architectures, and improved design
methodologies.
At some point, the limitations of silicon technology will
result in diminishing returns and other strategies will dominate. When this will happen is not clear. Historically, people
have found ways to remove, or work around, limitations
in silicon technology. SOI, which allows fully depleted
devices, is in its early stages. Low-temperature operation
may become a viable option. Circuit designers are inventing
new modes of operation to counteract short-channel and
threshold effects.
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XII. SCALING AS AN EDUCATIONAL TOOL
The use of principles of scaling is particularly useful
for teaching electronics at the undergraduate and graduate
levels and has found its way into textbooks [53]. It allows
the development of very clear, straightforward analyses to
quantify the tradeoffs which drive integrated circuit technology. The symbiotic relationships among device structures,
device characteristics, and circuit performance and power
become very clear to the students.
XIII. CONCLUSIONS
Scaling has been a fundamental driving force in MOSFET circuits for several decades. Although the concepts
underlying scaling are rather simple, the implications and
results are profound. The “scaling paper” has served as
the basic reference to the industry for almost two and a
half decades and promises to be useful for another. As
the MOSFET technology has matured and more limitations
must be considered, the scaling approaches have become
much more sophisticated. Many people throughout the
industry have contributed to advances in scaled MOSFET
technologies and designs over the last several decades.
Several of the authors of the “scaling paper” have dedicated
their careers to implementing and improving on the scaling
principles in advanced chips and products with a series of
papers over many years.
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