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PREFACE 

With the dawn of the new milJennium, IC technology-nodes have evolved beyond 
0.18-micron. New processes also had to be developed to meet the needs of this 
Deep-Submicron Era, including: copper/low-k dual-damascene interconnects; 
high-k MOSFET-gate and DRAM dielectrics; 300-mm wafers; chemical­
mechanical polishing (CMP); excimer-laser-based DUY-lithography; chemically­
amplified (CA) resists; silicon:germanium (Si:Ge); and silicon-on-insulator (SOI). 

The semiconductor industry, however, also experienced an economic decline of 
unprecedented severity at the start of the 2000 decade. It seams clear that to fuel the 
recovery, chip manufacturers will have to exploit the above innovations. Such 
processes are a path to achieving the performance goals of future IC technology­
nodes that will be needed for manufacturing new and profitable electronic products. 

This is the first available book dedicated exclusively to describing such deep­
submicron process technologies (including those listed above). It is intended to 
provide semiconductor engineers and researchers with a comprehensive, state-of­
the-art reference about these emerging and leading-edge processes. While many 
other books have been written about the "traditional" IC fabrication processes, 
none offer what this volume contains. It's sole focus is those techniques needed to 
manufacture chips for 0. I 8-µm ( and smaller) generations. Thus, it belongs on the 
shelf of every microelectronic professional whose livelihood depends on having a 
thorough grasp of the latest advances in IC fabrication techniques. There is no 
faster way to gain this information. As with our other volumes, owners will find 
themselves referring to this text again and again! 

Readers can still consult Vol.I, 2nd Edition for background material on basic IC 
fabrication modules, as this book (Vol. 4) does not repeat that information. Instead, 
it presents over 800 pages of new content about the process technologies of the 
2000's. It also has over 900 references (with 200 of these being published since 
2000), and more than 500 illustrations. It is written in the same lucid, user-friendly 
style that has been widely praised in the other volumes of Silicon Processing for 
the VLSI Era. 

As with the previous volumes, this text was produced using an accelerated 
book-production schedule. By employing revolutionary publishing techniques 
made available in the I 990' s, Lattice Press can tum a finished manuscript into a 
published text in less than 3 months (a task that takes most publishers of technical 
books 15-18 months). This allows our books to be released faster, and to contain 
the most-up-to-date information at the time of publication. 

xxi 
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The final cause of dopant-loss in sub-keV implants is due to the presence of 
an oxide on the silicon-surface during implant. Such an oxide is often 
deliberately grown to protect the silicon surface from metal contamination during 
the implant process (see Chap. 10, Vol. l, 2nd Ed.). While this protective oxide 
layer can be made quite thin, it nevertheless has a finite thickness. It is clear that 
as the implant energy is reduced, a larger fraction of the as-implanted dose will 
be located in the protective oxide. Since the oxide is stripped off at the end of the 
implant step, the dopant that remains in the oxide cannot contribute to the 
formation of the junction. Approximately 25% of the B implanted at 0.5-keV is 
lost by removal of a 15-nm-thick surface-oxide, while more than 40% is lost for 
0.2-ke V implants. With these results, it is possible to estimate the equivalent­
dose needed at lower energies (such as 0.2-keV) to make up for the larger loss as 
compared to 0.5-keV implants. For example, it has been calculated that to 
successfully implant a dose of 4x1014/cm2 B-atoms at 0.2-keV into the silicon 
beyond the protective oxide, the beam-current would have to be as much as 60% 
greater than the beam-current at 0.5-keV to obtain an equivalent throughput 
process.32 To circumvent the oxide dose-loss problem, some ultra-low-energy 
implant processes are being carried out without the use of a protective oxide. 

In summary, the dose-loss effects are significant for sub-keV implant 
processes, and the loss increases as the implant-energy is reduced. For the 
extreme case of 0.2-keV implants, as much as 40% of the B-dose can be lost due 
to the combined effects of self-sputtering, out-diffusion, and native-oxide 
removal for the high doses needed for an SOE-implant. 

5.3.1' Effect of Iha Overlap of the SOE-Region and Gata-Edge on MOSFET 
Performance 
In addition to being able to carefully set the junction-depth Xj and length of the 
SOE region lsDE• it has also been reported that the amount of overlap of the 
SOE-region with the gate-edge is also critical for optimum device 
performance.42,57 That is, if the overlap of the SOE-region and the gate-edge is 
too great, the deep-submicron MOSFET will suffer excessive leakage (due to 
larger short-channel effects that arise if the channel-length is too small). 
Excessive leakage means that the off-state current exceeds its maximum design 
value (e.g., 1 nA/µm). In addition, the gate-to-{drain/source) overlap-capacitance 
increases, which negatively impacts device switching speed. 

On the other hand, if the SOE-to-gate-edge-overlap is too small, the ON-state 
saturated-drain-current Iosat will decrease because the SOE-region and the end of 
the channel are not electrically well-coupled. Thus, an excessively-high-resist-
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silicide 

offset spacer 

Fla. 5-25 Schematic of a deep-submicron M0SFET with an offset-sidewall spacer.57 

ance-region separates them (and this increases the parasitic resistance of the 
source/drain regions, which leads to a decrease in the value oflosat>· 

Controlling the position of the edge of the SOE region with respect to the 
gate edge can be done in the following way. First, the implant-and-annealing 
processes for forming the SOE (and contact) region of the drain structure are 
determined, and the drain structure is formed using these process conditions. 
However, an offset-spacer is fabricated on the side of the gate after the gate-poly 
is etched (but before the SOE implant step is carried out, Fig. 5-25).57 The width 
of this off-set spacer is varied from zero (no-spacer) to some upper-bound (e.g., 
50-nm). Measurements are then made for the MOSFET having different offset­
spacer-widths. The offset-spacer-width that yields optimum device characteristics 
(i.e., the best combination of off-current and losat> is taken to be the value that 
produces the correct overlap of the SOE-region and the gate edge. 

0.7 

-E 0.5 T0x=4.5nm :s. - Vcc=1 .8V c( 
E - LE=0.12µm ... 0.3 ct 

Cl) 
0 

NMOS Data 

0.1 
0 10 20 30 40 50 SOE Overlap (nm) 

Fig, 5-28 Iosat versus SDE overlap (NM0S).42 
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The results of such a study are shown in Fig. 5-26. In this case, the effects of 
SOE-overlap on 0.25-µm NMOSFETs were analyzed. The arsenic-implanted 
SOE junction-depth Xj was measured to be 50-nm. Since the lateral diffusion of 
the SOE junction under the gate-edge is estimated to be 0.6-0. 7 times the vertical 
depth (about 30-nm), minus the width of the offset spacer, the SOE-overlap for 
each offset spacer width can be determined. Fig. 5-26 shows that if the SOE­
overlap is less than 20-nm, the value of Iosat falls off rapidly. Thus, a minimum 
overlap of -20-nm is recommended by this study. Information as to how to form 
the offset spacer was not given, but a method (such as re-oxidizing the poly­
silicon gate-structure after it has been etched) is one possible way of doing so. 

5.3.5 SDE-Juncllon Abruptness 
The SOE-region must not only have the correct junction-depth, average-doping­
concentration, and position under the edge of the gate, but recent studies have 
shown that there must also be a highly-abrupt lateral-doping-gradient at the 
interface of the SOE and the MOSFET channel-regions.43,44 Not only does such 
an abrupt-doping-gradient help limit the lateral-encroachment of the extension­
depletion-regions into the channel, but more importantly it minimizes Rsp· The 
design rules for lateral-junction-abruptness are that the doping-falloff must be at 
least one decade in a distance equal to ~3% of the size of the gate-length (for a 
spreading-resistance less than 5% of Rsat>· For 100-nm MOSFETs this means 
that the junction-abruptness must be -3 nm/decade, which is about the profile 
slope of as-implanted B at 0.2-keV.45 Since the abruptness will have to increase 
even further as smaller MOSFETs are designed, this implies that new techniques 
will have to be developed that result in final junction-doping-profiles that are 
even steeper than the as-implanted profiles. 

The design of the implanter can play a role in the lateral-abruptness of the 
SOE as-implanted doping profile. That is, unlike mid- to high-energy ion-implant 
applications, channeling-effects are minimal for low-energy, high-current 
implants (because of increased channeling acceptance angle). Nevertheless, there 
is still a significant difference between single-wafer and batch-implanters due to 
implant shadowing effects. Ideally, a 0°-implant will give the most-abrupt lateral­
junction because any tilt-angle larger than 0° induces shadowed areas at the 
vicinity of the gate pattern (leading to laterally-graded doping-profiles). If the 
incident beam has an angular-spread deviating from the ideal parallel beam, each 
of the ions having different incidence angles will make different shadows. The 
result is a loss of dose- and junction-abruptness at the outskirts of the gate. A 
single-wafer, parallel-beam-implanter minimizes the incident-angle-variations. 
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Spinning-disk batch-implanters use a stationary-spot ion-beam. The wafers pass 
through the beam due to the rotation of the disk. Such batch-implanters use a 
concave-shaped disk to secure wafers in their respective sites during the high­
speed motion of the disk. Centrifugal force exerted on the disk surface holds 
them in place. Since the conical disk has a curved surface and the wafer-surface 
is flat, this leads to an incident-beam angle-variation across the wafer during the 
implant process. Depending on the dimensions of the disk, cone-angle, and 
wafers, this can amount to l.5°-variation across a wafer.46 

Recently, the abruptness of the SOE-lateral-doping was measured using both 
scanning capacitance microscopy (SCM)47 and scanning tunneling microscopy 
(STM).48 The latter measurement detected a tail-region of dopant at the end of 
the doping profile, spreading from the extension-region in the horizontal direc­
tion near the gate oxide. The cause of this anomalous diffusion tail was not 
understood. 

5.4 ANTI-PUNCHTHROUGH STRUCTURES IN DEEP-SUBMICRON CMOS 
Lateral tailoring of the channel doping profile can provide some additional 
flexibility to control VT and punchthrough. Recently, such lateral tailoring of the 
channel profile has been carried out with the use of large-angle-tilt implanted 
punchthrough stopper (LA TIPS), which are also referred to as pocket-implants 
(and are depicted in Fig. 5-27). Such a pocket-implant puts additional dopants in 
the channel close to the source/drain-junctions for punchthrough control, and 
leaves much of the channel region with a lighter doping, as needed for a low 
VT.• The peak doping values of the pocket-implants must be somewhat larger 
than the doping-concentration values needed for a punchthrough-control layer 
that is uniform in the lateral channel direction between the source and drain. 

These punchthrough-suppression pocket-implants are done after the 
source/drain-extension-implant (and before the formation of the spacer used to 
define the edge of the deeper contact-source/drain-implant). This ensures that the 
pocket-implant-dopant is self-aligned to the gate. The dopant is placed just below 
the active channel, adjacent to the source and drain, and is of the same dopant­
type as the well. Precise control of the placement and dose of this implant within 
the transistor-structure is needed to obtain the intended enhancements. As noted 

• As pointed out in Chap. 1, if an implant with a beam directed normally to the wafer 
surface is used to introduce dopants to create a punchthrough-control structure, instead of 
one whose direction is tilted at a large angle to the wafer surface, the resulting 
punchthrough-control structure is termed a halo structure. Such a halo structure is 
described in Chap. 1, and is depicted in Fig. l-2b. 




