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Process Integration, Devices, & Structures 1

PROCESS INTEGRATION, DEVICES, & STRUCTURES

SCOPE

The Process Integration, Devices, & Structures (PIDS) chapter deals with the full IC process flow and its overall
integration, with the main IC devices and structures, and with the reliability tradeoffs associated with new options.
Physical and electrical requirements and characteristics are included within PIDS, encompassing parameters such as
physical dimensions, key active device electrical parameters, passive electrical parameters, and reliability criteria.
Nominal targets as well as statistical tolerances are discussed. The scope has been broken into four subcategories
described below: logic and memory, mixed-signal devices, reliability, and emerging research devices.

One key theme of the 2001 ITRS is a significant acceleration in the scaling of MOS transistors compared to that in the
1999 edition and the 2000 update of the ITRS. For example, in the year 2005 the physical gate length for transistors in
high-performance logic chips is projected to be 32 nm in this edition of the ITRS (see ORTC chapter, Table la and b),
while it was projected to be 65 nm in the 1999 ITRS and 60 nm in the 2000 ITRS. This acceleration reflects the
achievements of the industry in implementing very aggressively scaled transistors into production IC processes over the
last two years, as well as the achievements of the R&D community as reflected in the literature over the last two years.
The acceleration is driven by the need to maintain historical trends of improved transistor performance and power
dissipation, and it strongly impacts the overall scaling of the transistor. Another key theme is the need to include more
and more types of embedded functions into the design of an IC, with simultaneous satisfaction of constraints of
interconnection, power consumption, reliability, and device performance. This is the fundamental issue associated with
the System-on-a-Chip (SoC) application, which is a major trend for future 1Cs. SoC issues are a larger crosscut problem
that will be dealt with as a multidiscipline activity in a separate chapter, but they will also be discussed in this chapter,
particularly in the mixed-signal section. An important consequence of the drive toward SoC is the need for multiple
transistors and transistor types on a given chip to meet the needs of the different functions. In this chapter, the focus will
be on those transistors that drive the technology requirements, for example the highest performance transistors in high-
performance logic chips.

MEMORY AND LOGIC

Digital circuitry, both memory and logic, forms the major portion of semiconductor device production. High-
performance and low-power devices lead the logic category, while memory encompasses DRAM, SRAM, and nonvolatile
memory (NVM). In the logic category, transistors for both high-performance and low-power chips are discussed. Process
integration optimizes the overall architecture of the full process, including the silicon active devices and the on-chip
interconnect hierarchies for power, clock, and signal distribution. The architectural tradeoffs between the devices and
interconnect structures are driven by performance, power, density, and reliability requirements. Devices and structures
refer to the active transistors, interconnect, and other structures required for logic and memory cell design. The
discussion of memory cells, DRAM, SRAM and NVM, is focused on commodity applications.

MIXED-SIGNAL DEVICES

Mixed-signal ICs contain analog and/or radio frequency (RF) circuitry as well as the digital circuitry. The commaodity
driver applications for mixed-signal ICs are projected to remain in personal computing and communications. Analog
refers to “pure” analog circuits such as operational amplifiers, but mixed-signal chips often utilize functions such as
analog-to-digital and digital-to-analog converters and digital signal processors. RF refers to circuits operating above 800
MHz, such as for wireless communications and “radio on a chip.” Certain analog IC technologies such as high voltage
and power ICs are not specifically included, while others, such as microelectromechanical systems (MEMS), are included
in the later, long-term years. Such devices and analog and RF transistors must reuse and leverage the mainstream, digital
CMOS technology to remain low cost and meet the demands for high-performance and reliability.

RELIABILITY

Reliability is a critical aspect of process integration. Emerging technology nodes require the introduction of new
materials and processes at a rate that exceeds current capabilities for gathering information and generating the required
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2 Process Integration, Devices, & Structures

database and models on new failure regimes and defects. Because process integration must then be performed without the
benefit of extended learning, it will be difficult to maintain current reliability levels. Uncertainties in reliability can also
lead to unnecessary performance, cost and time-to-market penalties. These issues place difficult challenges on testing and
wafer level reliability (WLR). Packaging interface reliability is particularly vulnerable to reliability problems because of
new materials and processes, form factors, tighter lead and bond spacing, severe environments, adhesion, and customer
manufacturing capability issues.

EMERGING RESEARCH DEVICES

An Emerging Research Devices section is added to the PIDS chapter in the 2000 ITRS Update, and the section is updated
and considerably expanded in this chapter. The addition of this section is driven by the increasing difficulty of meeting
all the desired requirements for the aggressively scaled technologies projected for later technology nodes. This difficulty
only becomes greater for the later nodes, as indicated by the increasing incidence of red cells (no known solutions) in the
various technology requirements tables as the years increase. As one approach to dealing with these difficulties, the
research and development community has been actively exploring alternative devices to the current classical planar bulk
CMOS transistors and current memory devices. (The other approach, to find solutions to the scaling problems with the
current device structures, is also being actively pursued.) The Emerging Research Devices section is aimed at giving an
overall understanding of the main emerging devices, including their operating principles, their major advantages and
disadvantages, and the general time frame in which they might be deployed. The main categories are non-classical
MOSFETSs, emerging research memory devices, emerging research logic (non-MOSFET) devices, and emerging research
novel architectures. Non-classical MOSFETs and some emerging memory devices have the shortest time frame for
possible insertion into manufacture, ranging from a few years to the end of this decade and beyond, while non-MOSFET
logic devices and emerging research architectures are longer-range, with expected availability ranging from the end of
this decade to beyond the end of the Roadmap in 2016 for the more exatic technologies. It is important to understand that
the emerging research devices are speculative, with no certainty of being implemented into manufacture.

DIFFICULT CHALLENGES

Table 34a Process Integration Difficult Challenges—Near-term

DIFFICULT CHALLENGES = 65NM / THROUGH 2007 SUMMARY OF ISSUES
1. High-performance applications: meeting performance | Cost effectiveness, process control, and reliability of very thin oxy-nitride gate dielectrics,
and power dissipation requirements for highly especially considering the high gate leakage.

scaled MOSFETS. Implementation of metal gate electrode by about 2007.

Need to reduce series S/D parasitic resistance.
Controlling static power dissipation in the face of rapidly increasing leakage.
Architecture and circuit design improvement and innovation will be needed

2. Low-power applications: meeting performance and Early availability of manufacturing-worthy high k gate dielectrics is necessary to meet stringent
leakage requirements for highly scaled gate leakage and performance requirements.
MOSFETs. . . . o
Very slow scaling of VVgq will make overall device scaling difficult.
3. Implementation into manufacturing of non-classical It is likely that these transistors will be necessary eventually to control short-channel and other
MOSFET devices (for example, double-gate effects in highly scaled devices. See Emerging Research Devices section, Non-
SOl). classical CMOS, for more detail.

4. Ensuring reliability of new materials and structures in a | Accelerated reliability ensurance of high k material for gate stack will be needed for early
timely manner. insertion into manufacturing.

Ensuring reliability of new gate electrode materials will be a challenge.
Ensuring reliability of new, non-classical CMOS structures will be a challenge.

high-performance applications.
Difficulty of screening with high leakage currents
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Process Integration, Devices, & Structures 3

Table 34a Process Integration Difficult Challenges—Near-term (continued)

DIFFICULT CHALLENGES =65 nm / THROUGH 2007 SUMMARY OF ISSUES
5. Constructing DRAM, SRAM, and high density nonvolatile DRAM main issues: adequate storage capacitance for devices with reduced feature
memory (NVM) for scaled technologies size; access device design; holding the overall leakage to acceptably low

levels; and deploying low sheet resistance materials for bit and word lines
to ensure desired speed for scaled DRAMSs. Also, the availability of
manufacturing worthy 193 nm lithography and integrated DRAM etch
capability for 100 nm half pitches in 2003.

SRAM: difficult lithography and etch as well as process integration issues.
NVM: very difficult scaling issues with tunnel and interpoly dielectrics.

6. High-performance mixed-signal solutions for scaled technologies.| Passive element scaling: embedded inductor densities and Q factor values.
Signal isolation.

Optimizing RF CMOS devices with scaled technologies: gate leakage is a particularly
sensitive issue.

Transition to reduced analog supply voltages.

Difficulty and cost of integrating analog/RF and high-performance digital functions on
a chip.

Table 34b Process Integration Difficult Challenges—Long-term

DIFFICULT CHALLENGES < 65 nm, BEYOND 2007 SUMMARY OF ISSUES
7. Fundamental improvements in MOSFET device effective With sharp reductions in Vgg and 17% annual increase in intrinsic transistor
transconductance needed to maintain device speed, basic MOSFET device performance will be inadequate to meet
performance scaling trend. circuit speed requirements.
8. Dealing with atomic-level fluctuations and statistical process Fundamental problems of atomic-level statistical fluctuations are not completely
variations in sub-30 nm MOSFETS. understood.
9. New interconnect schemes Eventually, copper/low k performances will be inadequate.

Solutions (optical, microwave/RF, etc,) are currently unclear.

10 Toward the end of the Roadmap or beyond, implementation of | Will drive major changes in process, materials, physics, design, etc.
advanced non-CMOS devices and architectures,

: : Non-CMOS devices may coexist with CMOS: integration of the two will be
including memory.

difficult, especially for mixed signal.

See Emerging Research Devices sections for more discussion and detail.

DESCRIPTION OF PROCESS INTEGRATION, DEVICES, AND STRUCTURES DIFFICULT CHALLENGES

[1] High-performance applications—meeting performance and power dissipation requirements for highly scaled
MOSFETs. A key issue here is extending oxy-nitride gate dielectrics to below 1.0 nm EOT (Equivalent Oxide
Thickness). Furthermore, with very rapid transistor scaling, the maximum allowable parasitic series source/drain
resistance will decrease, and hence it will become increasingly difficult to meet this requirement. Finally, in the face of
increased chip complexity and high leakage with the succeeding years, circuit design and architectural innovation will be
needed to design chips with the desired performance and power dissipation.

[2] Low-power applications—meeting performance and leakage requirements for highly scaled MOSFETs. One key
issue is that high k gate dielectric will be required by about 2005 in order to meet stringent leakage specifications.
Another major issue is that, since Vyq hardly scales, the lateral electric field will become uncomfortably large, resulting in
difficulties in controlling short channel effects and possibly reliability problems.

[3] Implementation into manufacturing of non-classical MOSFET devices (for example, double-gate SOI)—With
continuing sharp scaling of the transistors, control of short-channel and other effects will become increasingly difficult
using classical CMOS transistors. Non-classical CMOS transistors show promise of enabling superior electrical
characteristics for very highly scaled transistors, and will likely be implemented into production at some point, perhaps by
around 2007. (Refer to the Emerging Research Devices section, Non-classical CMOS.)

[4] Ensuring reliability of new materials and structures in a timely manner—Numerous new materials and structures,
including high k gate dielectric, metal gate electrode, and non-classical CMOS transistors, are expected to be
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4 Process Integration, Devices, & Structures

implemented into production in the next six years. For each such new option, reliability issues must be explored,
understood, and satisfactorily dealt with before initiation of production.

[5] Constructing high density nonvolatile memory (NVM) , DRAM, and SRAM memories for scaled technologies—For
DRAM, a key issue is implementation of high k dielectric materials and eventually MIM structures in order to get
adequate storage capacitance per cell even as the cell size is shrinking. Also important is controlling the total leakage
current, including the dielectric leakage, the storage junction leakage, and the access transistor leakage, in order to
preserve adequate retention time. The requirement of low leakage currents causes problems in obtaining the desired
access transistor performance. Finally, because of the limited selectivity and etch resistance of 193 nm photoresists,
special difficulty is expected in integrating 193 nm lithography and the high aspect ratio, deep etches required for
DRAMs. For NVM, the key issue is the difficulty in scaling the tunneling oxide, since this oxide must be thick enough to
ensure acceptable retention time, but thin enough to allow ease of program/erase.

[6] High-performance mixed-signal solutions for scaled technologies—Signal isolation, especially between the digital
and analog/RF sections of the chip, is a particular issue for scaled technologies. Also, maintaining high Q, well-matched,
linear passive devices will be a challenge. Finally, the sheer difficulty and cost of integrating analog/RF (including
eventually micro-electromechanical systems, MEMS, and possibly compound semiconductors such as GaAs and InP) and
high-performance digital functions on a chip are expected to increase with scaling.

[7] Fundamental improvements in MOSFET device effective transconductance needed to maintain device performance
scaling trend. For the long-term years, owing especially to the rapid scaling of V4q, increased device effective mobility
will be needed to enable historic 17% per year transistor performance improvement with scaling.

[8] Dealing with atomic-level fluctuations and statistical process variations in sub-30 nm MOSFETs—For very short
channel devices, the total number of dopants in the depletion region is relatively small, and hence the statistical
fluctuations are relatively large, limiting threshold voltage control. In addition, dimensional control of such short channel
devices will become increasing difficult, further increasing the statistical process variations in MOSFET electrical
parameters. Solutions such as the use of fully depleted devices and non-lithographically defined MOSFETs may help to
ameliorate these effects.

[9] New interconnect schemes—The resistivity of copper cannot be reduced by scaling, and at k ~1 -1.5 the limits of
low k dielectric will be reached. At that point, further interconnect performance improvements will require architectural
and/or materials solutions.

[10] Toward the end of the Roadmap or beyond, implementation of advanced non-CMOS devices and architectures,
including memory—Eventually, toward the end of the Roadmap or beyond, scaling of MOSFETSs will become ineffective
and/or very costly, and advanced non-CMOS solutions will need to be implemented. (Refer to the Emerging Research
Devices sections.)

TECHNOLOGY REQUIREMENTS

MEMORY AND LOGIC TECHNOLOGY REQUIREMENTS
LoGIC—HIGH PERFORMANCE AND LOW POWER TECHNOLOGY REQUIREMENTS

The technology requirements tables reflect the MOSFET transistor requirements of both high- performance and low-
power digital ICs. High performance refers to chips of high complexity, high performance, and high power dissipation,
such as microprocessor unit (MPU) chips for desktop PCs. Low power refers to chips for mobile systems, where the
allowable power dissipation and hence the allowable leakage currents are limited by battery life. There are two major
categories within low power: low operating power (LOP) and low standby power (LSTP) chips. LOP chips are typically
for relatively high-performance mobile applications, such as notebook computers, where the battery is likely to be high
capacity, while LSTP chips are typically for lower performance consumer type applications, such as cellular telephones,
with lower battery capacity. The transistors for high-performance ICs are highly scaled, and have both the highest
performance and the highest leakage current of all. The transistors for LOP chips are less highly scaled and have
somewhat lower performance and much lower leakage current, while the transistors for LSTP chips are scaled the same as
those for LOP chips, but the performance and the leakage current are lower still compared to transistors for LOP chips.
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Process Integration, Devices, & Structures 5

For high-performance transistors, the physical gate length is much more rapidly scaled in this roadmap compared to the
scaling in the 71999 ITRS (for example, the projected physical gate length was 65 nm in 2005 in the 1999 ITRS, while it is
32 nm in 2005 in the current roadmap). The accelerated scaling in this roadmap reflects the actual progress of the
industry over the last two years, both in production chips and in R&D results reported in the literature. The rapid scaling
in the industry is a response to the need to maximize the transistor saturation drive current to maximally improve
performance. For low-power transistors, the gate length lags behind the high-performance transistor gate length by two
years, reflecting historical trends and the need for very low leakage current in mobile applications.

For the logic technology requirements tables, an approach is used in which simplified models embedded in a spreadsheet
capture the essentials of the impact of such key input parameters as Vqq, equivalent oxide thickness (EOT), gate length,
etc., on the important transistor electrical output characteristics such as leakage current, saturation drive current, etc. An
important calculated output parameter is the device delay, t= CV/I, where C is the total gate capacitance (including
parasitic gate overlap and fringing capacitance) per micron transistor width, V = Vg4, and | is the saturation drive current
per micron transistor width. T is a good metric for the intrinsic MOSFET delay, and hence 1/t is a good metric for the
maximum intrinsic MOSFET switching frequency. 1/t is used as the key transistor performance metric. To determine
the projected parameter values in the tables, a target is set for one or more of the key outputs, such as leakage current or
1/1. Then the input parameters are tentatively chosen based on scaling rules, engineering judgment, and physical device
principles. The spreadsheet capabilities are used to iteratively vary the input parameters until the target or targets are met,
and the final value of the parameters is used for the projected parameter values in the tables. (See Supplemental files for
the detailed spreadsheets used to generate the Logic technology requirements tables.)

For the high-performance transistor table, the driver is the device performance metric, 1/t. Specifically, the target is an
average 17% per year increase in 1/t, which matches the historic rate of improvement in device performance. All the
other parameter values in the table are chosen iteratively to meet this target, as explained above. Several important
consequences of meeting this target are clear from the table. The NMOSFET saturation drive current, lq¢, Stays constant
at 900 pA/um until the 65 nm technology node in 2007, and then it increases somewhat in the later years. The
subthreshold source/drain leakage current, lqeax, iNCreases quite rapidly with succeeding years owing to the reduction of
the threshold voltage, V,, with succeeding years. (At > 1pA/um for the long-term years, the subthreshold leakage current
is especially high then.) Since the saturation drive current is strongly dependent on the overdrive, (V4—Vy), and Vyq is
decreasing with device scaling, V; must be reduced along with V4 to keep lqq up to the specified value. But (1/lsgeax) iS
exponentially dependent on V;, and hence I . increases rapidly as V, decreases. This increase in lgg e Causes the static
power dissipation per device to increase somewhat with device scaling, despite the reduction in Vg and device
dimensions with scaling (see last row of the table), and it has important consequences for the chip power dissipation (to
be discussed below). Finally, a reasonable restriction is imposed on the gate leakage current, that it must remain less than
lsa e Because of the large increases in lg eak (@nd hence in the allowable gate leakage current) with device scaling, i is
projected (see the Front End Processes chapter) that heavily nitrided oxy-nitrides will be sufficient to meet the gate
leakage requirements until the end of the roadmap.

For high-performance chips, the rapid increase in subthreshold leakage current with scaling must be dealt with to keep
chip static power dissipation within tolerable limits. One common approach is to fabricate more than one type of
transistor on the chip, including the high-performance, low V, device described above, and other MOSFET(s) with higher
V.and larger EOT to reduce the leakage current. These alternate, lower leakage devices will have lower saturation drive
current and presumably poorer device performance (i.e., longer device intrinsic delay, T) than the high-performance
devices. The high-performance device is used just in critical paths or in circuits which are constantly switching, and the
low leakage devices are used everywhere else. Extensive use of the low leakage devices can significantly reduce the chip
static power dissipation without seriously degrading chip performance. Other techniques to curtail static power
dissipation include well-biasing, using electrically or dynamically adjustable V; devices, and using circuit/architectural
techniques, including pass gates to cut off access to power/ground rails or other techniques to power down circuit blocks.
Hence, a realistic picture of scaled high-performance ICs is that the static power dissipation will be controlled by utilizing
more than one type of transistor and by utilizing device/design/architectural techniques. In the technology requirements
table, we have characterized only the high-performance transistor because this transistor is the technology driver.

For low-power chips, the driver is the leakage current, with a targeted maximum of 100 pA/um for the LOP transistor and
1 pA/um for the LSTP transistor. (In both cases, the leakage target increases in the later years.) These targets are set by
battery life requirements, and apply to both the gate leakage and the source/drain subthreshold leakage currents. All the
other parameter values in the tables are chosen iteratively to meet these targets, as explained above. The resultant average
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6 Process Integration, Devices, & Structures

improvement in the device performance metric, 1/1, is about 14% per year for both LOP and LSTP. One key issue is the
relatively slow scaling of V4 for the low-power transistors. This is a result of the slow scaling of V, required to meet the
subthreshold leakage current targets. Vqq must follow V, in scaling slowly for two reasons: to obtain reasonable device
performance the overdrive, (Vy—Vy), must remain relatively large, and for adequate circuit switching noise margins, Vg
must be larger than at least 2 x V. Since dynamic power dissipation is proportional to (Vg)? the dynamic power
dissipation for the low-power devices scales more slowly than for high-performance devices, particularly in the later
years. Also, since the lateral electric field ~ (Vqq4/[gate length]), this field increases sharply with device scaling, and this
sharp increase will result in difficulty in controlling short channel effects and possibly in significant reliability problems
in the long-term years. A critical issue is the gate leakage current. For the LSTP transistors, given the required EOT in
2005, the leakage current targets cannot be met using oxy-nitride because of direct tunneling (see the Front End
Processes chapter for detailed discussion of this point). Hence, high k gate dielectric will be required in 2005 for LSTP
ICs.

The issue of high k material in place of silicon dioxide or silicon oxy-nitride for the gate dielectric is critically important
(see Front End Processes chapter for detailed discussion). As mentioned above, the driver for replacement of silicon
oxy-nitride with medium or high K material for the gate dielectric is LSTP chips in 2005. The 2005 requirements are:

LSTP: EOT = 1.8 nm, gate leakage current = 1 pA/um.

In contrast, for LOP chips, it appears that the gate leakage current targets can be met, at least barely, by using heavily
nitrided oxy-nitride until the end of the ITRS timeframe (see FEP chapter). Also, as mentioned before, for high-
performance chips, the allowable leakage current increases so quickly with device scaling that silicon oxy-nitride appears
capable of easily meeting the gate leakage requirements until the end of the 2001 Roadmap timeframe. However, there
are serious issues of thickness control and uniformity for very thin oxy-nitride gate dielectrics and there are serious
reliability issues, especially with large gate leakage current. Furthermore, it would be desirable from the standpoint of
static power dissipation control to reduce the gate leakage below the large values specified in the tables, particularly for
the later years in the Roadmap, and numerous companies will probably do so. As a result, a reasonable scenario is that
high k material will be implemented for the gate dielectric in LSTP chips in 2005, with the EOT and leakage
requirements above. Several years later, in the 2007 and beyond time frame, after going down the learning curve with the
LSTP chips and further development, high k gate dielectrics will be utilized for LOP and high-performance chips.

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2001



Process Integration, Devices, & Structures 7

Table 35a High-performance Logic Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
\IDRAM % PITCH (nm) 130 115 100 90 80 70 65
WPU / ASIC ¥ PITCH (nm) 150 130 107 90 80 70 65
IWMPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
IMPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Physical gate length high-performance (HP) (nm) [1] 65 53 45
Equivalent physical oxide thickness for high-performance T,, (EOT)( nm) [2] 13-16|12-15| 1.1-1.6
Gate depletion and quantum effects electrical thickness adjustment factor (nm) [3] 0.8 0.8 0.8
T,y electrical equivalent (nm) [4] 2.3 2.1 2.0
Nominal power supply voltage (Vaq) (V) [5] 12 11 1.0
Nominal high-performance NMOS sub-threshold
leakage current, L (at 25°C) (UA/lim) [6] 0.01 0.03 0.07 01 03 0.7 L
(Nominal high-performance NMOS saturation drive current, L,

. 900 900 900 900 900 900 900
(at Vag at 25°C) (u/pm) [7]
Required percent current-drive "mobility/transconductance improvement" [8] 0% 0% 0% 0%

Parasitic source/drain resistance (Rsd) (ohm-pim) [9]

190 180 180 180

Parasitic source/drain resistance (Rsd) percent of
ideal channel resistance (Vyi/lz4) [10]

16% 16% 17% 18%

Parasitic capacitance percent of ideal gate capacitance [11]

19% 22% 24% 27%

High-performance NMOS device T (Coyie * Vga/ Li-NMOS)(ps) [12]

1.6 1.3 11 0.99

Relative device performance [13]

1.0 1.2 15 1.6

[14]

Energy per (W/Lgye=3) device switching transition (Cagre™(3*Lgare) *VZ) (fJ/Device)

0.347 0.212 0.137 0.099 0.065 0.052 0.032

Static power dissipation per (W/Lgate=3) device (Watts/Device) [15]

5.6E-09 | 6.7E-09 | 1.0E-08 | 1.1E-08 | 2.6E-08 | 5.3E-08 | 5.3E-08

Table 35b High-performance Logic Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
\IDRAM % PITCH (nm) 45 32 22
WPU /ASIC % PITCH (nm) 50 35 25
WMPU PRINTED GATE LENGTH (nm) 25 18 13
WPU PHYSICAL GATE LENGTH (nm) 18 13 9
Physical gate length high-performance (HP) (nm) [1] 18 13 9

Equivalent physical oxide thickness for high-performance T, (EOT)( nm) [2]

0.5-0.8 0.4-0.6

Gate depletion and quantum effects electrical thickness adjustment factor (nm) [3] 0.5 0.5

T,y electrical equivalent (nm) [4]

12 1.0

(Nominal power supply voltage (V3) (V) [5]

Nominal high-performance NMOS sub threshold leakage current, Ly eu (at 25 °C) (uA/um) [6]

Nominal high-performance NMOS saturation drive current , Iy (at Vag at 25°C) (HA/tim) [7]

1500

Required percent current-drive "mobility/transconductance improvement" [8]

Parasitic source/drain resistance (Rsd) (ohm-pm) [9]

Parasitic source/drain resistance (Rsd) percent of ideal channel resistance (Vgg/lgq) [10]

Parasitic capacitance percent of ideal gate capacitance [11]

70%

High-performance NMOS device T (Coyie * Vg / Li-NMOS)(ps) [12]

Relative device performance [13]

Energy per (W/Lgqe=3) device switching transition (Coqre™(3*Lgare) *Vz) (fJ/Device) [14]

90

1500
100%

80

30% 35%

0.39 0.22 0.15
4.3 7.2 10.7

0.015 0.007 0.002

Static power dissipation per (W/Lgate=3) device (Watts/Device) [15]

9.7E-08 | 1.4E-07 | 1.1E-07

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known

Notes for Table 35a and b:
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[1] Values set by ORTC. Gate dimensional control is set by the Lithography and FEP Etch ITWGs, and is assumed to have a three sigma value of +
10%. Gate dimension variation is assumed to be the primary factor responsible for driving device parameter variation.

[2] EOT range set by FEP TWG. Yellow/red feasibility coloring set by FEP TWG projections on thickness control and reliability capability.
Calculations in rest of PIDS table (and the underlying PIDS workbook) based on approximate midpoint EOT values.

[3] Accounts for gate electrode depletion and inversion-layer quantum effects. Yellow feasibility coloring reflects FEP assessment of polysilicon doping
capability, red feasibility coloring reflects the introduction of metal-gate electrodes by 2007 (which reduces the gate depletion value).

[4] Sum of midpoint EOT and Electrical Thickness Adjustment Factor. Used in CV/I performance metric and CV* dynamic power metric calculations.
Red/yellow feasibility coloring determined by worst-case EOT and Electrical Thickness Adjustment Factor red/yellow feasibility coloring.

[5] Nominal power supply voltage has been set to maintain sufficient voltage over-drive to continue historical approximate 17% per year device
performance scaling while still enabling approximate 30% per year switching energy reduction and still maintaining reasonable vertical gate dielectric
electric field strengths. Actual power supply voltage values may vary +/- 10%, depending on the particular circuit design application or technology
optimization.

[6] Nominal sub-threshold leakage current is defined as the NMOSFET source current at room temperature with the drain bias set equal to the
nominal power-supply voltage and with the gate, source and substrate biases set to zero volts; all MOSFET device dimensions are assumed to be at
their nominal/target values. Total NMOS off-state current is the NMOSFET drain current at room temperature, and is the sum of the NMOS sub-
threshold, gate, and junction leakage current components. The sub-threshold leakage current is assumed to be larger than either the gate or junction
leakage current components at either room or high-temperature conditions. The threshold voltage value (and the corresponding sub-threshold current)
has been set to maintain sufficient voltage over-drive to continue historical approximate 17% per year device performance scaling. Yellow feasibility
coloring by 2007 reflects the potential need for non-classical CMOS or ultra-shallow junction technology in order to control short-channel and/or high-
field effects (See Emerging Research Devices section). The above sub-threshold, gate, and junction current scaling scenario also applies to PMOS
devices. Note, sub-threshold current value applies to fastest MOS devices only; slower/lower-leakage MOS devices will also be available. Future
systems will consist of a mix of both high and lower-leakage devices.

[7] Nominal saturation current drive is defined as the MOSFET drain current at room temperature with the gate bias and the drain bias set equal to the
nominal power-supply voltage; all MOSFET device dimensions are assumed to be at their nominal/target values. Nominal PMOS saturation current-
drive value is assumed to be 40-50% of the nominal NMOS saturation current-drive value. Yellow/red feasibility coloring indicates the projected need
for fundamental device current-drive (or transconductance/mobility) improvement by 2010 in order to continue historical approximate 17% per year
device performance scaling. NMOS/PMOS current-drive targets are approximate with only 1.5 significant digits of accuracy.

[8] Fundamental device mobility/transconductance improvement needed by 2010 in order to continue historical approximate 17% per year device
performance scaling. Yellow/red feasibility coloring indicates the difficulty in implementing fundamental device current-drive
(transconductance/mobility) improvement required in 2010 and later to continue historical approximate 17% per year device performance scaling.

[9] Total parasitic device source/drain resistance Rsd (sum of the source and drain parasitic resistances). Rsd targets are consistent with FEP TWG

projections. Yellow/red feasibility coloring reflects FEP TWG projections on contact resistance, salicide sheet resistance, and drain extension scaling.
Similar Rsd values are assumed for the LOP and LSTP devices.

[10] Maximum ratio of the parasitic device source/drain resistance (Rsd) to the ideal channel resistance (Vdd/Idd). Rsd targets are consistent with FEP
TWG projections. Yellow/red feasibility coloring reflects FEP TWG projections on contact resistance, salicide sheet resistance, and drain extension
scaling.

[11] Maximum ratio of the parasitic gate overlap/fringing capacitance to the ideal gate capacitance. Assume constant C-parasitic value of
2.4E-16F/um. [3X the fringing capacitance value per side, including the Miller effect]; this value is assumed to be independent of bias conditions
and/or technology. Parasitic capacitance factor is included in CV/I and CV? performance and power metric calculations. Similar parasitic capacitance
values are assumed for the LOP and LSTP devices.

[12] T= CV/l intrinsic delay metric for NMOS device; PMOS CV/I metric assumed to scale proportionally. The CV/I metric provides an indication of
the intrinsic switching delay of the device, while 1/T, the reciprocal of CV/I, is a good metric for the intrinsic switching speed of the device. Red/yellow
feasibility coloring determined by worst-case saturation current-drive feasibility coloring.

[13] Improvement in 1/T NMOS performance metric normalized to the year 2001. Maintains historical approximate 17% per year device performance
improvement scaling trend. Red/yellow feasibility coloring determined by worst-case, saturation current-drive feasibility coloring.

[14] CV’switching energy metric for an NMOS device with dimensions W/Lgate=3. The switching energy metric indicates the amount of dynamic
power required to switch the device. Maintains approximate 30% per year device switching energy reduction scaling trend. Red/yellow feasibility
coloring determined by worst-case saturation current-drive feasibility and mobility/transconductance improvement feasibility coloring.

[15] Static power dissipation for an NMOS device with dimensions W/Lgate=3. Assume that the device static power is primarily determined by the sub-
threshold current (since the other junction and leakage current components are assumed to be lower). Yellow feasibility coloring by 2007 reflects the
potential need for non-classical CMOS or ultra-shallow junction technology in order to control short-channel and/or high-field effects (See Emerging
Research Devices section, Non-classical CMOS).
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Table 36a Low Operating Power (LOP) Logic Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
\IDRAM % PITCH (nm) 130 115 100 90 80 70
WPU / ASIC ¥ PITCH (nm) 150 130 107 90 80 70
IWMPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40
WPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28
Physical gate length low-operating power (LOP) (nm) [1] 90 75 65 53 45 37

Equivalent physical oxide thickness for LOP T, (EOT) (nm) [2]

2024 | 1822 | 16-20 | 1.4-1.8 | 1.2-16 | 1.1-15

Electrical thickness adjustment factor

improvement" [8]

(gate depletion and quantum effects) (nm) [3] 08 08 08 08 08 0.8

T, electrical equivalent (nm) [4] 3.0 2.8 2.6 2.4 2.2 2.1

Nominal LOP power supply voltage (Vaq) (V) [5] 1.2 1.2 11 11 1 1

Nominal LOP NMOS sub-threshold leakage current, Iy (@25C) 100 100 100 300 300 300 700
(pA/pm) [6]

Nominal LOP NMOS Saturation drive current, L (@Vgq @25C) 600 600 600 600 600 600 700
(pA/pm) [7]

Required percent current-drive "mobility/transconductance 0% 0% 0% 0% 0% 0% 0%

LOP NMOS Device T (Cyue * Vg / 1d-NMOS) (ps) [9]

2.55 2.45 2.02 1.84 1.58 1.41 1.14

LOP relative device performance [10]

1.0 1.04 13 14 1.6 1.8 2.2

Energy per (W/Lgae=3) device switching transition
(Cate™(3*Lgare) *1?2) (fJ/Device) [11]

0.496 0.424 0.260 0.193 0.128 0.094 0.069

Static power dissipation per (W/Lgqe=3) device (Watts/device) [12] 3.2E-11 | 2.9E-11 | 2.1E-11 | 5.2E-11 | 4.1E-11 | 3.3E-11 | 6.0E-11

Table 36b Low Operating Power (LOP) Logic Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
\IDRAM % PITCH (nm) 45 32 22
WMPU / ASIC %; PITCH (nm) 50 35 25
IMPU PRINTED GATE LENGTH (nm) 25 18 13
WMPU PHYSICAL GATE LENGTH (nm)] 18 13 9
Physical gate length low-operating power (LOP) (nm) [1] 22 16 11
Equivalent physical oxide thickness for LOP T, (EOT) (nm) [2] 0.8-1.2 0.7-1.1
Electrical thickness adjustment factor 05 05
(gate depletion and quantum effects) (nm) [3] ' '
Ty electrical equivalent (nm) [4] 14

0.8 0.7 0.6
Nominal LOP power supply voltage (V) (V) [5]
Nominal LOP NMOS sub-threshold leakage current, Ly ea (@25C) (pA/pm) [6] 1000 3000 10000
Nominal LOP NMOS saturation drive current, Ly (@QV 44 @25C) (ud/um) [7] 700 800

Required percent current-drive "mobility/transconductance improvement" [8] 10% 30%

LOP NMOS device T(Cyqre * Vaa/ lurNMOS) (ps) [9] 0.85 0.56

ILOP relative device Performance [10]

3.0 4.6

Energy per (W/Lgae=3) device switching transition (Coare*(3*Logre) *V?) (f)/Device) [11]] 0.032 0.015

Static power dissipation per (W/Lgate=3) device (Watts/Device) [12]

5.3E-11

1.0E-10 | 2.0E-10

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known -
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Table 36¢ Low Standby Power (LSTP) Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
IDRAM %> PITCH (nm) 130 115 100 90 80 70 65
WPU / ASIC ¥ PITCH (nm) 150 130 107 90 80 70 65
IMPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
IMPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Physical gate length low-standby power (LSTP) (nm) [1] 90 75 65 53

Equivalent physical oxide thickness for LSTP T, (EOT) 2428|2226 20241822 1.4-1.8 ‘ 1.2-1.6 ‘
(nm) [2]

Electrical thickness adjustment factor (gate depletion and
quantum effects) (nm) [3]

T, electrical equivalent (nm) [4] 3.4 3.2 3.0 2.8

(Nominal LSTP power supply voltage (V43) (V) [5] 1.2 12 1.2 1.2

(Nominal LSTP NMOS sub-threshold current (at 25°C)
(pA/pm) [6]

(Nominal LSTP NMOS saturation current drive (13 (at
Vaa at 25°C) (mA/um) [7]

Required percent current-drive "mobility/transconductance

0.8 0.8 0.8 0.8

300 300 400 400

. ” 0% 0% 0% 0% 0% 0% 0%
improvement" [8]

LSTP NMOS device T (Cgare * Vg / 1d-NMOS) (ps) [9] 4.61 4.41 2.96 2.68 2.51 2.32 181
LSTP relative device performance [10] 1.00 1.05 1.6 1.7 1.8 2.0 2.6

Energy per (W/Lga,e=3 ) device switching transition

< 0.448 | 0.381 | 0.277 | 0.204 | 0.163 | 0.123 | 0.095
(Coute*(3*Lgare) *V° ) (f/device) [11]

Static power dissipation per (W/Lgq,=3) device 3.2E-13 | 2.9E-13 | 2.3E-13
(Watts/device) [12] ' ' '

Table 36d Low Standby Power (LSTP) Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
IDRAM % PITCH (nm) 45 32 22
WMPU / ASIC %; PITCH (nm) 50 35 25
IMPU PRINTED GATE LENGTH (nm) 25 18 13

IMPU PHYSICAL GATE LENGTH (nm)
Physical gate length low-standby power (LSTP) (nm) [1]
Equivalent physical oxide thickness for LSTP T,, (EOT) (nm) [2]

Electrical thickness adjustment factor
(gate depletion and quantum effects) (nm) [3]

T, electrical equivalent (nm) [4]

(Nominal LSTP power supply voltage (Vaq) (V) [5]

(Nominal LSTP NMOS sub-threshold current (at 25 ° C) (pA/um) [6]
Nominal LSTP NMOS saturation current drive

(Ia) (at Vag, at 25°C) (mA/tm) [7]

Required percent current-drive
"mobility/transconductance improvement” [8]

LSTP NMOS device T (Cgure * Vga/ 1d-NMOS) (ps) [9]
[LSTP relative device performance [10]

Energy per (W/Lgae=3) device switching transition
(Coute*(3*Lguie)*V ) (F/device) [11]
Static power dissipation per (W/Lgqe=3) device (Watts/device) [12] 2.0E-13 ‘ 3.0E-13 ‘ 3.0E-13

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known _
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Notes for Table 36a through d:
[1] Values set by ORTC.

[1] Values set by ORTC. Assumed to lag high-performance scaling by 2 years. Gate dimensional control is set by the Lithography and FEP (Etch)
ITWGs and is assumed to have a three sigma value of #10%. Gate dimension variation is assumed to be the primary factor responsible for driving
device parameter variation. Gate length for the LOP and LSTP devices are assumed to be identical.

[2] EOT value set by FEP ITWG in the Front End Processes chapter, Thermal and Thin Film, Doping, and Etching Technology Requirements tables
Yellow/red feasibility coloring set by FEP ITWG projections on gate leakage, thickness control and reliability capability (high K gate dielectrics will be
required around 2005 in order to suppress gate leakage for LSTP).  Due to different system applications, the EOT values for the LOP and LSTP
devices have been optimized and set independently of each other. Calculations in rest of PIDS table (and the underlying PIDS workbook) based on
approximate midpoint EOT values.

[3] Accounts for gate electrode depletion and inversion-layer quantum effects. Yellow feasibility coloring reflects FEP assessment of polysilicon doping
capability; red feasibility coloring reflects the introduction of metal-gate electrodes by 2007 (which reduces the gate depletion value).

[4] Sum of midpoint EOT and Electrical Thickness Adjustment Factor. Used in CV/I performance metric and CV* dynamic power metric calculations.
Red/yellow feasibility coloring determined by worst-case EOT and Electrical Thickness Adjustment Factor red/yellow feasibility coloring.

[5] Nominal power supply voltage which has been set to smallest value to still maintain sufficient voltage over-drive to allow sufficient circuit switching
noise margin (approximately 2.3 times the threshold voltage). Actual power supply voltage values may vary +10%, depending on the particular circuit
design application or technology optimization. Due to different system applications, the power-supply voltages for the LOP and LSTP devices have
been optimized and set independently of each other. Note, meeting overall system power dissipation requirements will require the use of circuit/system
techniques to "turn-off" or "power-down" various circuit blocks.

[6] Nominal sub-threshold leakage current is defined as the NMOSFET source current at room temperature with the drain bias set equal to the nominal
power-supply voltage and with the gate, source, and substrate biases set to zero volts; all MOSFET device dimensions are assumed to be at their
nominal/target values. Total NMOS off-state current is the NMOSFET drain current at room temperature, and is the sum of the NMOS sub-threshold,
gate, and junction leakage current components. The sub-threshold leakage current is assumed to be larger than either the gate or junction current
components at either room or high-temperature conditions. The increase in sub-threshold current (and the corresponding threshold-voltage value
reduction) has been set at a pace that lags the rate of increase of the high-performance device, but that still increases sufficiently to enable continued
device performance scaling; power dissipation due to off-state leakage is assumed to not exceed 10% of the total chip power, which is assumed to be
100mW in 2001 and 200mW in 2010 for LOP. For LOP, the yellow feasibility coloring reflects the difficulty of meeting the gate leakage requirements
with thin oxy-nitride films and the potential need for non-classical CMOS or ultra-shallow junction technology by 2007 to control short-channel effects
and to limit lateral high-field effects. For LSTP, the yellow feasibility coloring in 2003 and 2004 reflects the difficulty of meeting the gate leakage
requirements with thin oxy-nitride gate dielectric films, while the red feasibility color from 2005 on reflects the difficulty of implementing a high K gate
dielectric to meet the gate leakage requirements. The above sub-threshold, gate, and junction current scaling scenario also applies to PMOS devices.

[7] Nominal saturation current drive is defined as the MOSFET drain current at room temperature with the gate bias and the drain bias set equal to the
nominal power-supply voltage; all MOSFET device dimensions are assumed to be at their nominal/target values. Nominal PMOS saturation current-
drive value is assumed to be 40-50% of the nominal NMOS saturation current-drive value. Yellow/red feasibility coloring indicates the projected need
for fundamental device current-drive (transconductance/mobility) improvement by 2010 in order to continue approximate 14% per year device
performance scaling. NMOS/PMOS current-drive targets are approximate with only 1.5 significant digits of accuracy. The sub-threshold slope,
parasitic source/drain resistance, and parasitic gate capacitance scaling have been assumed to be similar to that for the high-performance device. (See
the enclosed Excel workbook for the detailed calculations).

[8] Fundamental device mobility/transconductance improvement needed by 2010 in order to continue historical approximate 14% per year device
performance scaling. Yellow/red feasibility coloring indicates the difficulty of implementing the fundamental device current-drive
(transconductance/mobility) improvement required in 2010 and beyond to continue historical approximate 14% per year device performance scaling.
The LOP and LSTP required improvement is projected as lagging that required for the high-performance device.

[9] T = CV/l intrinsic delay metric for NMOS device; PMOS CV/I metric assumed to scale proportionally. The CV/I metric provides an indication of
the intrinsic switching delay of the device, while 1/T, the reciprocal of CV/I, is a good metric for the intrinsic switching speed of the device. Red/yellow
feasibility coloring determined by saturation current-drive feasibility coloring. The C term includes the effect of parasitic gate capacitance, which has
been assumed to be equivalent to that for the high-performance device.

[10] Improvement in 1/T NMOS performance metric normalized to the year 2001. Maintains approximate 14% per year device performance
improvement scaling trend for both LOP and LSTP. Red/yellow feasibility coloring determined by saturation current-drive feasibility coloring.

[11] CV’switching energy metric for an NMOS device with dimensions W/Lgare=3. The switching energy metric indicates the amount of dynamic power
required to switch the device. Red/yellow feasibility coloring determined by saturation current-drive feasibility coloring.

[12] Static power dissipation for an NMOS device with dimensions W/Lgae=3. Assume that the device static power is primarily determined by the sub-
threshold current (since the other junction and leakage current components are assumed to be lower). Yellow/red feasibility coloring is determined by
the sub-threshold leakage current feasibility coloring.

DRAM TECHNOLOGY REQUIREMENTS

Technical requirements for DRAMs are projected to become increasingly stringent with scaling. Photoresists associated
with 193nm exposure wavelength lithography, which is slated for production in 2003 at 100nm DRAM half pitch, have
serious limitations on their etch selectivity and resistance. These limitations result in significant process flow issues for
both trench or stack capacitor structures, since process steps such as capacitor formation or high aspect ratio contact
etches require a resist that can stand up for a prolonged etch time. Also, with the scaling of peripheral CMOS devices, a
low temperature process flow is required for process steps after formation of these devices. This is a challenge for
DRAM cells with stack capacitors, which are typically constructed after the CMOS devices are formed, and which will
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therefore be limited to low temperature processing. In addition, the planar access (pass gate) device for the 1T-1C cell is
getting difficult to design due to the need to maintain a low level of both subthreshold leakage and junction leakage
current to meet the retention time requirements. A vertical access device has been proposed,* but it has yet to be seen in
mainstream production. Other process requirements for DRAMs such as front end isolation, low resistance materials for
the word lines and bit lines, self-aligned and high aspect ratio etches, and planarization are all needed for future high
density DRAMs.

Since the DRAM storage capacitor gets physically smaller with scaling, the EOT must scale sharply to maintain adequate
storage capacitance with scaling. To scale EOT as projected in Table 37a and b, dielectric materials having high relative
dielectric constant (k) will be needed. Several manufactures are pursuing MIS (Metal Insulator Semiconductor)
capacitors using Ta,0s and Al,O; (K ~ 10-25) for the 130nm node and below. Eventually, beyond the 90 nm node in
2004, MIM (Metal Insulator Metal) structures and dielectric materials with even higher k values than Ta,Os and Al,O3
will likely be required. Finally, it is expected that very high k values, on the order of 100 and greater, will be needed at
the 65nm node in 2007. All in all, maintaining sufficient storage capacitance will pose an increasingly difficult
requirement for continued scaling of DRAM devices.

Table 37a DRAM Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM 1/2 Pitch (nm)[1] 130 115 100 90 80 70 65
MPU / ASIC % PITCH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35

MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
DRAM cell size (um°) [2] 0.135 0.106 0.060 0.049 0.038 0.029 0.025
fg‘jﬁ ;’Oo;l";;exijzlsecggr (Z%’V[‘;f]e”’ 2.04 1.80 1.20 1.00 0.45 0.32 0.22 ‘
DRAM retention time (ms) [4] 64 64 64 64 64 64 64
DRAM soft error rate (fits) [5] 1000 1000 1000 1000 1000 1000 1000

Table 37b DRAM Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
\DRAM %, PITCH (nm) [1] 45 32 22
\MPU / ASIC ¥, PITCH (nm) 50 35 25
\IMPU PRINTED GATE LENGTH (nm) 25 18 13
\MPU PHYSICAL GATE LENGTH (nm) 18 13 9
DRAM cell size (um’) [2]

DRAM storage cell dielectric: equivalent physical oxide thickness, EOT (nm) [3]
DRAM retention time (ms) [4]
DRAM soft error rate (fits) [5] 1000 1000 1000

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known _l

Notes for Table 37a and b:

[1] From ORTC (Overall Roadmap Technology Characteristics) Table la and b. These DRAM half pitch numbers are smaller than those in the 2000
ITRS, reflecting a speedup in technology development since 1999.

"' C. J. Radens et al., “An Orthogonal 6F2 Trench-Sidewall Vertical Device Cell for 4Gb/16Gb DRAM,” IEDM tech. Digest, pp. 349-
352, 2000.
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[2] The DRAM cell size is driven by the values for DRAM capacity (bits per chip) and chip size, as discussed in more detail in the Front End Process
chapter. The capacity and chip size numbers used by FEP are based on the ORTC tables la and 1b. Since the FEP DRAM capacity and chip size
numbers are quite aggressive, the cell size must also be scaled aggressively. The difficulty will lie in reducing the value of the cell size factor "a",
where "a" equals (cell size /F*). and F is the DRAM half pitch. The required values of "a" are 8 for the 130nm node, 6 for 100nm DRAM half pitch,
and 4 for the 32nm node. The "a" value of 8 is probably achievable with current techniques, but the "a" value of 6 will require innovative solutions, as

illustrated with yellow zone in this line, while the "a" value of 4 has no known solution for 32nm node and beyond, as illustrated with red zone.

[3] The EOT is driven by the values for DRAM capacity (bits per chip) and chip size, as discussed in more detail in the Front End Process chapter.

The capacity and the chip size numbers used by FEP are from ORTC Tables la and 1b. Since the values of DRAM capacity and chip size from FEP
are quite aggressive, the EOT must also be scaled very aggressively. For the 130nm through the 90 nm nodes, the dielectric material is based on Al,O;3
or Ta,Os with MIS structure, and hence the color is white Beyond the 90 nm node, breakthroughs such as MIM structure and higher K material are
needed, so the color is yellow. Finally, for the 65nm node and beyond, there are no known solutions with demonstrated credibility, and hence the color
is red. The actual EOT required for each node also depends on the other factors such as cell height and/or 3D structure, film leakage current and
contact formation. Trench capacitors have other requirements for the cell dielectric material.

[4] Retention time is defined at 85 °C, and is the minimum time during which the data from memory can still be sensed correctly without refreshing a
row bit line. The 64 ms specified here is the value needed for PC applications. The retention time depends on the combined interaction of device
leakage current, signal strength and signal sensing circuit sensitivity, and also depends on operational frequency and temperature.

[5] This is a typical FIT rate and depends on cycle time and the quality of cell capacitor and sensing circuits.

NONVOLATILE MEMORY TECHNOLOGY REQUIREMENTS

Nonvolatile memory (NVM) imposes additional constraints on process integration and structure design. Typically the
nonvolatile components are implemented as an add-on to an established CMOS process. As a result, emerging NVM lags
behind the current CMOS technology node. To clarify the degree of delay, Table 38a and b identifies both the current
CMOS node feature size and the NVM technology feature size. For Flash technologies the delay is about one year, while
for FeRAM technologies the delay is more significant.

Flash scaling is complicated because NVM structures that require relatively high voltages must be incorporated into
CMOS technology that is low voltage. Nonvolatility is achieved by storing and sensing the charge on a floating gate. The
interpoly dielectric must scale with the tunnel dielectric to maintain adequate coupling of applied erase or write pulses to
the tunnel dielectric. The tunnel dielectric must be thin enough to allow charge transfer to the floating gate at reasonable
voltage levels and thick enough to avoid charge loss when in read or off modes.

FeRAM scaling is complicated because the ferroelectric materials, buffer materials, and process conditions are still being
refined. Nonvolatility is achieved by switching and sensing the polarization state of a ferroelectric capacitor. The
ferroelectric material must be physically and chemically isolated from the underlying CMOS. In order to achieve density
goals the basic geometry of the cell must be modified while maintaining the desired isolation.

The endurance (erase-write cycle or read-write cycle) ratings and the retention ratings are unique to NVM. These
reliability oriented parameters determine whether the product has adequate utility to be of value to an end customer.
Stresses imposed during normal operation of the devices may cause degradation of the part, and the endurance and
retention ratings identify a “safe” range of use. Understanding subtle failure mechanisms is critical. Testing to confirm
endurance and retention takes long times and is a serious impediment to the rapid evolution of the technology.
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Table 38a Non-Volatile Memory Technology Requirements—Near-term

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
\DRAM : Pitch (nm) 130 115 100 90 80 70 65
MPU / ASIC % Pitch (nm) 150 130 107 90 80 70 65
(MPU Printed Gate Length (nm) 90 75 65 53 45 40 35
MPU Physical Gate Length (nm) 65 53 45 37 32 28 25
Flash technology node - F (nm) [1] 150 130 115 100 90 80 70
Flash NOR cell size —area factor a in multiples of F [2] 10-12 10-12 10-12 11-14 11-14 11-14 11-14
Flash NAND cell size —area factor a in multiples ofF2 SLC/MLC [3] 55 55 4.5 4.5 4.5 45/2.3 | 45/2.3
Flash NOR typical cell size (/sz) [4] 0.248 0.186 0.145 0.125 0.101 0.080 0.061
Flash NOR Lg-stack (physical- pm) [5] 0.29-0.31{0.25-0.27| 0.22-0.24 | 0.21-0.23 | 0.2-0.22 | 0.2-0.22
Flash NOR highest W/E voltage (V) [6] 8-10 8-10 8-10 8-10 7-9 7-9 7-9
Flash NAND highest W/E voltage (V) [7] 19-21 18-20 18-20 18-20 18-20 17-19 17-19
Flash NOR I eqq (HA) [8] 36-44 35-43 34-42 33-41 31-39 28-36 29-37
Flash Coupling Ratio [9] 0.65-0.75|0.65-0.75| 0.65-0.75 | 0.65-0.75 |0.65-0.75(0.65-0.75| 0.6-0.7
Flash NOR tunnel oxide thickness (nm) [10] 9.5-10.5 | 9.5-10 9-10 9-10 8.5-9.5 8.5-9.5 ‘ 8.5-9.5
Flash NAND tunnel oxide thickness (nm) [11] 85-95 | 85-9 8-9 89 | 89 [EEEENEEEE
Flash NOR interpoly dielectric thickness (nm) [12] 13-15 12-14 11-13 11-13 10-12 9-11 ‘ 9-11
Flash NAND interpoly dielectric thickness (nm) [13] 14-16 13-15 12-14 12-14

Flash endurance (erase/write cycles) [14] 1E5 1E5 1E5 1E5 1E5 1E5 1E5
Flash nonvolatile data retention (vears) [15] 10 10-20 10-20 10-20 10-20 10-20 10-20
Flash maximum number of bits per cell (MLC) [16] 2 2 4 4 4 4 4
FeRAM technology node - F (nm) [17] 500 350 250 220 180 150 130
FeRAM cell size —area factor a in multiples of F [18] 60 40 24 16

FeRAM cell size (um’) [19] 15 4.9 15 0518
FeRAM cell structure [20] 2T2C 1Ta1c 1T1C 1T1cC 1Ta1c ‘ 1T1C
FeRAM capacitor structure [21] planar planar stack stack stack ‘ 3D
Ferro capacitor voltage (V) [22] 3.0 3.0 2.5 1.8 .
FeRAM endurance (read/write cycles) [23] 1E12 1E13 1E14 1E15 >1E16 >1E16 ‘ >1E16
FeRAM nonvolatile data retention (years) [24] 10 10 10 10

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known _
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Table 38b Non-Volatile Memory Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
\DRAM % PITCH (nm) 45 32 22
\MPU / ASIC ¥ PITCH (nm) 50 35 25
\MPU PRINTED GATE LENGTH (nm) 25 18 13
\MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Flash technology node - F (nm) [1] 50 35 25
Flash NOR cell size -—area factor a in multiples of F [2] 12-15 13-16 14-17
Flash NAND cell size —area factor a in multiples ofF2 SLC/MLC [3] 4.5/2.3 | 4.52.3 | 45/2.3
Flash NOR typical cell size (tm” ) [4] 0.034 | 0.018 | 0.010
Flash NOR Lg-stack (physical- pm) [5] a .19/0.14-0.16 0.

Flash NOR highest W/E voltage (V) [6] 7-9 7-9 7-9
Flash NAND highest W/E voltage (V) [7] 17-19 16-18 | 16-18
Flash NOR I read (14) [8] 27-33 | 25-31 | 22-28
Flash Coupling Ratio [9] 0.6-0.7 | 0.6-0.7 | 0.6-0.7

Flash NOR tunnel oxide thickness (nm) [10]

Flash NAND tunnel oxide thickness (nm) [11]

Flash NOR interpoly dielectric thickness (nm) [12]
Flash NAND interpoly dielectric thickness (nm) [13]
Flash endurance (erase/write cycles) [14]

Flash nonvolatile data retention (vears) [15]
Flash maximum number of bits per cell (MLC) [16]
FeRAM technology node - F (nm) [17]

FeRAM cell size —area factor a in multiples of F 2 [18]

FeRAM cell size (un” ) [19] 0.080 | 0.039 | 0.020

FeRAM endurance (read/write cycles) [23] >1E16 | >1E16 >1E16

FeRAM nonvolatile data retention (years) [24]

FeRAM cell structure [20] 1TiC ‘ 1TiC 1TiC
FeRAM capacitor structure [21] 3D ‘ 3D 3D
Ferro capacitor voltage (V) [22] 1.0 ‘ 0.7 0.7

White—Manufacturable Solutions Exist, and Are Being Optimized

Yellow—Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Known _

Notes for Table 38a and b:
[1] Flash devices tend to lag the current CMOS technology node by one year. This entry provides the F value for designs in the indicated time period.

[2] Flash NOR cell size is presented in terms of F* multiples of the Flash implementation technology node, a=cell area/F’. Note the lack of long term
scaling.

[3] a=cell area/Fz . Flash NAND enjoys a smaller cell size because much of the cell structure is shared among a group of cells. (SLC single level cell,
MLC multilevel cell)

[4] The expected midrange "typical” Flash NOR cell size is presented in terms of micrometers squared.

[5] This is the physical length of the control gate of Flash NOR devices.

[6, 7] This is the highest voltage relative to ground seen in the cell array. It is not usually an external supply.

[8] Reduction rate is higher than W/(L*Cox) to reduce the voltage overdrive factor

[9] Ratio: (control gate capacitane to floating gate capacitance)/(total floating gate capacitance to source, drain and substrate capacitance)

[10, 11] Tunnel oxides must be thick enough to assure retention but thin enough to allow ease of erase/write. This difficult problem hinders scaling.

[12, 13] Interpoly dielectric must be thick enough to assure retention but thin enough to assure an almost constant coupling ratio. Charge retention
with scaling down is the major issue
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[14] E/W endurance requirements vary with the specifics of an application, but 1E5 cycles has been accepted as the historical minimum acceptable
level for a useful product. It is expected that emerging technology will allow both tradeoffs of endurance for retention as well as increases in the
specified minimum endurance capability as device design options.

[15] Retention is a defect related parameter rather than an intrinsic device characteristic. Improvement in defect control and accumulation of device
history is expected to eventually allow specification of 20 years retention. Also, it should become possible to accept a reduced retention specification as
a tradeoff for increased E/W endurance.

[16] Cell read out distinguishes between four levels of charge storage to provide two storage bits. Progression to 16 and 256 levels is anticipated.
(MLC multilevel cell).

[17] FeRAM devices tend to significantly lag the CMOS current technology node. This entry provides the F value for designs in the indicated time
period.

[18] FeRAM cell size is presented in terms 0fF2 multiples of the FeRAM implementation technology node, a=cell arealF’.
[19] FeRAM cell size is presented in terms of micrometers squared.

[20, 21] Typical cell designs are moving to one transistor and one capacitor. Ferroelectric material selection, capacitor geometry and positioning
relative to the transistor are intertwined design decisions that enable achievement of the cell size objective.

[22] Low voltage operation is a difficult key design issue.

[23] For FeRAM to compete with DRAM and SRAM the cycle endurance should be about 1E15. Test time is a serious issue. Note that 100MHz x 10
years = 1E16 cycles.

[24] Unpowered data retention is usually specified at 85°C.

MIXED-SIGNAL DEVICE TECHNOLOGY REQUIREMENTS

The previously identified trends leading to higher integration levels of logic and RF with mixed-signal circuitry have
continued and materialized into new application areas. The steadily increasing digital processing capabilities enable more
and more signal treatment to be done in the digital domain. In addition, the use of multiple logic gate oxides, to
accommodate higher voltages continues to support interfacing to the outside world and the signal-to-noise requirements
for mixed-signal, although at the cost of, e.g., matching and 1/f noise performance. Moreover, the acceleration of the
CMOS roadmap in the past years also has accelerated the integration possibilities of RF in logic processes. As before,
continuous focus on 1/f noise, passive component density and device matching is imperative to satisfy the increasing
demands on power and area efficiency. Emerging issues from this increased integration level are with RF device
modeling and protection against electrostatic discharge.

Performance and cost considerations will continue to drive modularity of process features in order to adapt the technology
to specific SoC architectures. However, the ever more stringent mixed-signal and/or RF transistor requirements may
force the addition of process complexity to achieve integration goals. CMOS technology is expected to gain importance
in the field of mixed-signal at the cost of bipolar and Si or SiGe based BiCMOS processes, which will however continue
to be strong in the high-performance application areas that require high-linearity, high-speed and/or low noise, especially
at low power. This strength in high performance comes about because the bipolar RF devices are carefully optimized and
hence have intrinsic, but non-scaling, advantages in gain, noise and matching. In contrast, the CMOS RF devices come as
they are from the baseline logic process, with extremely good frequency behavior combined with lesser, but improving,
performance on the other parameters. This continued parallelism of technologies has been expressed in the mixed-signal
table by having separate CMOS and bipolar device parameter requirements sections, making performance comparison
possible. Refer to Table 39a and b.
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Table 39a Mixed-signal Device Technology Requirements—Near-term
YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007 | OWNER
\DRAM > PITCH (nm) 130 115 100 90 80 70 65 ORTC
MPU / ASIC % PITcH (nm) 150 | 130 | 107 90 80 70 65 | ORTC
\MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35 ORTC
\MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25 ORTC
\ASIC/Low Power Physical Gate Length (nm) [1] 90 75 65 53 45 37 32 ORTC
\Minimum Supply Voltage Digital Design (V)[2] 1.2 11 1.0 1.0 0.9 0.9 0.7 PIDS
Analog Design (V) [3] 3.3-1.8 2.5-1.8 DESIGN
Frequency Range RF (GHz) [4] 0.5-10 0.5-20 0.5-30 | PIDS
Analog (GHz)[5] 0.1-2 0.1-4 0.1-6 PIDS
Bipolar RF Device Current (uA) [6] 100 100 75 75 75 50 50 PIDS
finax (GHz) [7] 90 100 110 120 130 140 160 | PIDS
i (GHz) * [8] 45 50 55 60 65 70 80 | PIDS
Gm / Gee @We-min ** [9] 1250 1250 1200 1200 1200 1150 1150 PIDS
1/f Noise (uV-um’ / Hz) [10] 10 10 5 5 5 25 25 | PIDS
Bipolar Analog Device Current (uAd) [11] 65 60 55 50 45 40 35 PIDS
1/f Noise (uV-um’ / Hz)[12] 10 10 5 5 5 3 3 PIDS
30 current matching (%) [13] 1 1 1 1 1 1 1 PIDS
INMOS RF Device Ty (nm) [14] 1.3-1.6|1.2-1.5 | 1.1-1.6 | 0.9-1.4 [UESKMNEWINEEN /DS
fimax (GHz) [15] 160 165 170 175 | DEsion
ft (GHz) *** [16] 132 149 183 225 372 [ZnY
Gm / Gds @Lmin-digital [17] 20 20 20 20 VIO DESIGN
@10-Lmin-digital [18] 100 100 100 100 100 Ny
1/f Noise (uV-um’ / Hz) [19] 500 | 500 | 300 | 300 200 RGN
30V, matching (mV-um) [20] 5 5 5 5 ] ‘ DESIGN
INMOS Analog Device Ty (nm) [21] 7-25 | 7-25 | 525 | 5-25 | 525 | 5-25 | 525 | PIDS
Analog V; (V) [22] 0.5-0.3|0.5-0.2 [ 0.5-0.2 | 0.5-0.2 | 0.4-0.2 | 0.4-0.2 | 0.4-0.2 | DESIGN
Gm/Gds  @I0-Lmin-digital [23] 200 200 200 200 200 200 200 | DEesioN
1/f Noise (uV-um’ / Hz) [24] 1000 | 500 | 500 | 500 | 300 | 300 | 300 | DEsiGn
30V, matching (mV-um)[25] 21 21 15 15 15 15 15 DESIGN
\Analog Capacitor Density (fF/IumZ ) [26] 2 3 3 8 4 4 4 DESIGN
O (1/k@-um’-GHz) [27] 200 | 300 | 300 | 300 | 450 | 450 | 450 | DEsiGn
Voltage linearity (ppm / V2) [28] 100 100 100 100 100 100 100 | DESIGN
Leakage (fA/ [pF-V])[29] 7 7 7 7 7 7 7 DESIGN
30 Matching (%um’)[30] 