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coating in and around the source area. Finally, even during normal operation, 

indium tends to drift down the beamline, covering the beamline components. 

This creates a risk of cross-contamination, since the indium atoms can be dis­

lodged from these surfaces if they are struck by ion beams of other species. 

Two ion-implanter features can adequately suppress such effects. First, active 

cooling in the source eliminates indirect heating, decreasing indium-loss and 

excess beamline-coating. Second, an electrostatic (or other) filtering element near 

the end-station greatly reduces the magnitude of such cross-contamination, 

allowing all species to be run on a single implanter. The latest generations of 

single-wafer, medium-current-implanters incorporate such features. 17 

5.2.1 Fabricating SSR Profiles for Sub-O.1 lffl1 MOSFETs 

When gate-lengths scale below 0.1-µm, it probably will no longer be possible to 

create SSR channel-doping-profiles using ion implantation (even if In and As are 

used as the implanted species). For example, if a lightly-doped surface-layer is 

established for a 50-nm-generation MOSFET (with a doping concentration of 

lxl017/cm3), the heavily-doped punchthrough-control layer (l019/cm3) will have 

begin at a depth of just 7-nm beneath the silicon surface. Since the width of the 

surface-inversion-layer is typically thinner than 7-nm, the channel electrons will 

still be located primarily in the lightly-doped surface-region. However, thin 

surface-layers with such an abrupt doping-concentration-increase cannot be 

fabricated with ion implantation (and its ancillary annealing processes). Other 

doping techniques, such as low-temperature selective-epitaxy (of perhaps Si-Ge 

layers 19) will likely be needed for 50-nm and beyond MOSFETs.* 

5.3 SOURCE/DRAIN ENGINEERING IN DEEP-SUBMICRON CMOS 

In deep-submicron MOSFETs, the typical source/drain contact-structures consist 

of two regions: 1) A shallow source/drain-extension-region (SDE), with a 

junction-depth Xf and 2) A deeper contact-source/drain-region, with a junction­

depth Xjc· As also described in Chap. 1, when MOSFETs were first designed 

with such two-region source/drain-structures, the first-region had lighter doping 

than the second-region (and it was in fact called a lightly-doped drain (LDD) re-

* Figure 5-10 also shows a graph of NT (the total number of impurity atoms in the lightly 

doped layer) versus technology generation. For 50-nm and below, this value approaches a 

small number ( < 10), so that for cases where the doping density is important to device 

operation, any device parameter depending strongly on NT will show large statistical 

fluctuations from device-to-device. If all parameters depend only very weakly on NT then 

the layer may as well be undoped, 18 so that VT-control relates to the positioning of the 

step (i.e., the increase in doping) and the doping in the heavily doped layer. 
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gion. This region was added to the single-region MOSFET drain-structures at 
about the time when MOSFETs were scaled below 1.5-µm. Its function was to 
reduce the peak electric-field (and thus hot-electron-injection) near the drain-end 
of the channel. However, as MOSFETs gate-lengths were scaled to the deep­
submicron regime, the power-supply voltages also had to be reduced, and this 
resulted in a significant decrease in the peak electric-field near the drain. Hence, 
the LOO region was no longer needed to suppress hot-carrier-injection effects. 

However, in deep-submicron MOSFETs the SOE-region remains a part of the 
drain structure. But, its role now is to reduce short-channel-effects. The drain 
contact-region is required to accommodate the thickness of the salicide contact­
layer and minimize junction-leakage. Nevertheless, the junction depth Xjc of the 
contact-region should not be larger than that needed to meet these conditions. 
That is, the greater the junction-depth, the larger must be the width of the 
sidewall-spacer. This, in tum, will result in a longer SOE-region (which increases 
the value of the parasitic SOE-resistance, RsoE). In Sect 5.3.1.3, we will see that 
to enable a MOSFET to deliver improved performance as the gate length is 
scaled, it is critical that the source/drain contact design should minimize both the 
parasitic series-resistance-effects and the salicide-substrate contact-resistance. In 
addition, to ensure that short-channel-effects are effectively controlled as the 
MOSFET is scaled, both Xj and Xjc will also have to appropriately scaled,. 

Figure 5-12 shows the depths of the source/drain-region junctions and 
undoped channel-region as MOSFETs are scaled below 200-nm (where LL is the 
lithographically-drawn gate-length), as taken from the ITRS 1999 study.20 The 
design rules used in ITRS 2001 to calculate these same values have been relaxed 
slightly from those in the 1999 study: 1) the source/drain-contact junction-depth 
is 1.1 LL (±33%), compared to 0.8 LL; 2) the source/drain-extension junction­
depth is 0.55 LL (±25%), compared to 0.4 LL; and 3) the undoped region near the 
Si/gate-oxide interface in a super-steep retrograde doped channel (SSR) is 0.3 LL 
(±25%), compared to 0.2 LL. Creating and maintaining these ultra-shallow 
junctions remains a fundamental challenge for doping and metrology techniques. 

In this section we will discuss two subjects related to the formation of the 
source/drain-structure in deep-submicron MOSFETs, namely: 1) the issues 
involved in keeping the value of the resistance of the drain region Rs (which is 
the sum of the parasitic resistance components and contact resistance), to a value 
that is sufficiently low to meet the requirements of scaled-MOSFET device­
design, and 2) the process technology needed to form shallow SOE-junctions. 
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CMOS Junction Scaling 
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fig. 5-12 Source/drain junction and undoped-channel depths for planar CMOS on bulk-Si. 

5.3.1 Resistance of Deep-Submicron Source/Drains 

In the planar MOSFET, the device-region in which transistor-action occurs is the 

channel under the gate. The current coming from the metal-interconnect lines 

must flow from the metal-Si-contact to the edge of the channel through the 

source or drain regions (Fig. 5-13). In the MOSFET, current enters the contact 

perpendicular to the wafer-surface, and then travels parallel to the surface in 

order to reach the channel. The total parasitic series-resistance, Rs, of the current 

path from the contact to the edge of the channel of a single-region drain (i.e., one 

(O l METALLURGICAL 
lt Xoc JUNCTION 

R 
Rsp ac 

(bl Rsh 

fig, 5-13 Schematic drawing showing: a) current paths within the source and drain 

regions, of a planar MOSFET and; b) their corresponding representative series resistance 

components.21 (© 1987 IEEE). 
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that does not have an LDD or a SDE) can be modeled by the sum of four 
components;21 

(5.1) 

where Reo is the contact resistance between the metal and the source/drain 
region, Rsh is the sheet resistance of the bulk region of the source and drain, Rsp 
describes the resistance of the current lines crowding near the channel end of the 
source, and Rae is the accumulation-layer resistance. 

If the MOSFET drain has an SDE, the Rsh component of Rs can be replaced 
by RsoE, as indicated in Fig. 5-14, so that Rs is now given by: 

Rs = Reo + RsoE + Rsp + Rae (5.2) 

In any case, the value of Rs must be viewed from the perspective of how it 
affects the performance of a MOSFET. Specifically, its value must be compared 
to that of the channel-resistance Rsat of the MOSFET in its ON state: 

Rsat = V odlosat (5.3) 
When the external resistance of the source + drain regions is equal to 
approximately 10% of the value of Rsat• the saturation-drain-current Iosat i s 
reduced by about 8%. In most MOSFET design approaches, the goal is to keep 
Iosat from being reduced by no more than 10% due to such series-resistance of 
the source and drain regions. Thus, it is useful to analyze the components of Rs, 
so that it can be understood what factors can be adjusted to keep the value of Rs 
to the value which will meet the Iosai-degradation design goal. 

Metal 
Gate 

Body 

Fig. 5-lll Schematic drawing of the components of source or drain resistance in a deep­
submicron MOSFET. 
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For future scaling, the value of Rsat (actually RsatW, normalized per unit 

device width) is given by: 

RsatW = Vootoxf(0.47vsatEox [Von - VT])= toxf(0.376vsatEox) (5.4) 

Equation 5-4 indicates that since t0 x will continue to be made smaller as 

MOSFETs are scaled, the value of RsatW will also decrease as the devices are 

scaled. This implies that the value of Rs will also have to be made lower with 

each technology node. Before we examine in detail the implications of a 

decreasing Rsat (and therefore also a decreasing Rs), we first need to give a more 

thorough discussion of the physical meaning of the parasitic resistance 

components of the drain contact region, namely Rae, Rsp• and RsnE· 

5.3.1.1 Physical Meaning of Rae, R5p, and Rsof Let us discuss the physical 

origins of the three parasitic resistance components of the drain/source-regions, 

with respect to deep-submicron NMOSFET structures. Figure 5-15 depicts the 

doping gradient of an n+-p junction at the source (or drain) end of an NMOSFET. 

The dotted lines indicate contours of constant doping concentration. We define 

the end of the MOSFET channel as the location where the metallurgical junction 

occurs (i.e., where N0 = NA at the surface). When the MOSFET is turned ON, an 

inversion layer is induced along the length of the channel (i.e., in the substrate­

region - where for this NMOSFET the doping is p-type). However, because the 

gate is an equipotential region, the positive bias needed to tum the MOSFET ON, 

will have a different effect on the silicon region under the gate if it is doped n­

type. That is, in the region where the drain doping overlaps under the gate edge, 

an accumulation-layer (instead of an inversion-layer) is formed (dark region in 

Fig. 5-15). 
The length of the accumulation-region is determined by the point where the 

induced (accumulated) carrier-concentration at the surface equals the background 

doping level. For example, a typical bias induces ~ 1019/cm3 carriers in the ac­

cumulation layer while the maximum doping level in the source/drain region is in 

the 1020_ to21/cm3 range. Therefore, the accumulation-layer has a more negli­

gible effect in the more heavily doped region of the drain (i.e., further away from 

the channel edge). Nevertheless, there is still a component of resistance due to 

the resistance of the accumulation-layer in series with the channel-ON-resistance, 

and this component is referred to as the accumulation-resistance, Rae· Both the 

accumulation-layer and the inversion-layer have about the same thickness (which 

is given by Xc,and to which we will refer again in the discussion on R8p)· In any 

case, for deep-submicron MOSFETs, the length of the accumulation-layer is so 

short, that Rae does not play a significant role in causing the value of Rs to 
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Fig. 5-15 Details of structures near the vicinity of the channel end. The dotted lines are 
contours of constant concentration. Dark region represents the accumulation Iayer.21 (© 
1987 IEEE). 

rise as the devices are scaled. Hence, we will not consider this component any 
further in discussing the problem of the increase in Rs as the MOSFET is scaled. 

Let us consider Rsp next, as this parasitic resistance component does play a 
role in the increase of Rs as the devices are scaled in the deep-submicron regime. 
Qualitatively, for a non-abrupt junction (i.e., where the doping contours are 
spaced over some finite distance, as depicted in Fig. 5-15), Rsp arises because 
after leaving the channel, the current does not immediately spread into the bulk 
of the source-drain regions (where the resistance effect is given by Rso.0· 
Instead, the carriers leave the accumulation layer and spread out as they move 
from the thin accumulation layer into the (laterally) uniformly-doped SOE-region 
of the source or drain SOE (Fig. 5-16). 22 This resistance component is called the 
spreading resistance, Rsp· 

An analytical approximation for calculating the value of Rsp is given by: 

Rsp - (2phtW) ln (~X/Xc) (5.5) 
where p is the resistivity of the SOE-region, and Xe is the inversion-/ 
accumulation-layer thickness, and ~ is a constant that varies from 0.37 to 0.9 
(depending on the method of derivation). For the purpose of this discussion, an 
intermediate value of 0.58 will be used.21 

The value of the series-resistance component RsoE of the SOE-region as 
shown in Fig. 5-14 can be estimated from (i.e., R = pl/A): 

7 



I THE STRUCTURE OF DEEP-SUBMICRON MOSFETS 201 

Resistivity Pj 

Fig. 5-16 Schematic diagram showing the resistance component associated with the 

injection region where the current spreads from a thin surface layer into a uniformly 

doped source or drain region.22 (© 1983 IEEE) 
(5.6) 

Without resorting to a two-dimensional analysis to calculate the length of the 

SDE region lsoE, a reasonable estimate of its value is LL/2 (where LL is the 

lithographically drawn gate-length). Thus, since Xj - 0.55 LL (as described in the 

introduction of this section), with scaling the ratio of lsoE to the SDE junction­

depth Xj will remain approximately 1.2. 

The sum of Rsp and RsoE will give the value of the parasitic series resistance 

component of the SDE region of the drain contact structure. That is, when Eq. 

5.5 and 5.6 are added together we get: 

(Rsp + RsoE)W = p UsoEIXj) [1 + (2X/1t lsoE) In (~Xj/Xc)] (5.7) 

From Eq. 5-7 it can be seen that, in effect, Rsp multiplies the resistance of the 

SDE region by the quantity given in the brackets of Eq. 5-7. This quantity is 

expected to range from a factor of 2.09 at the 250-nm generation to about 1.48 at 

the 50-nm generation, which indicates the Rsp plays a significant role in the 

parasitic resistance of deep-submicron MOSFETs, and it would be beneficial if 

methods could be developed that could reduce its value. 

5.3.1.2 Comparing the Resistance ol the SOE Region (Rsp + RsoEl to Rsat= With 

the equations derived in Sect. 5.3.1.1 it becomes possible to estimate the values 

of (Rsp + RsoE) that will be required for MOSFETs scaled down to 50-nm. (Note 

that this analysis was adapted from Ref. 23.) The center curve of Fig. 5-17 shows 

the calculated values of the channel resistance RsalW (in 0.-cm) of MOSFETs 

from the 0.25-µm (250-nm) node down to the 50-nm node. The upper and lower 

curves show what the value of 20(Rsp + RsoB>W would be if the SDE region had 

sheet resistance values of 500-n/sq and 1000-n/sq, respectively. Note that 
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Fig. 5-17 Allowed values of drain ( or source) extension resistance considering both bulk 
extension resistance RsDE and extension spreading resistance R5P.23 

values are shown for n-channel devices, p-channel devices would be about 20% 
higher. In addition, 20(Rsp + RsoE)W is used because the source and drain 
contact regions each contribute to the resistance in series with R8a1W. 

The data in Fig. 5-17 indicates that the sheet resistance values of (Rsp + RsoE) 
will need to be about 650-.Q/sq for 250-nm MOSFETs and about 900-.Q/sq for 
50-nm MOSFETs if the value of 20(Rsp + Rso0W needed to limit the 
degradation in Iosat to 8-10% is to be achieved. However, since the junction­
depths of the SOE-regions decrease as the gate-lengths are reduced, in order to 
keep the sheet-resistance-values in the 650-900-.Q/sq range, the average doping­
densities in the SOE-regions will have to be increased. As shown in Fig. 5-17, 
the peak values of doping will have to exceed I019/cm3 (e.g., for the 50-nm node, 
the peak doping will have be 5.5x1Q19/cm3). 

By 2001 it was determined that junctions whose depth was 35-nm could be 
fabricated with 0.5-keV implants and spike-anneals, but that this was about as 
low as could be practically achieved (see Sect. 5.3.3). Thus, for 0.1-µm 
technologies, it will be possible to fabricate SOE-regions with adequately 
shallow junctions and sufficiently low-values of sheet-resistance. However, it is 
not clear if it will be possible to do this for 50-nm devices, since the junction­
depth will have to decreased to about 20-25-nm, and this will mean that the sheet 
resistance will have to be significantly increased above 350-.Q/sq. 

Also note that the model for R5P given by Eq. 5-5 does not include the effect 
of the steepness of the lateral-doping-concentration-gradient of the SOE-implant. 
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As MOSFETs are scaled below 100 nm, this effect becomes the dominant factor 

that controls the value of Rsp· We discuss this issue further in Sect. 5.3.5. 

Since increasing the concentration of dopants in the shallow SDE-regions is a 

difficult task, other ways to reduce the value of the resistance of the SDE-regions 

have also been sought. From Eq. 5-6 it can be seen that if the length of the SDE 

region could be reduced, the value of its resistance would also be decreased. 

While this can be accomplished by decreasing the width of the sidewall spacer, 

this is not practical in the conventional deep-micron MOSFET-structure. That is, 

since a deep contact-region is needed (to accommodate the reacted salicide-layer, 

see Sect 5.3.1.3), the lateral-straggle of the deeper contact-implant would 

penetrate under the gate edge too far if such a narrower sidewall-spacer is used. 

However, as we will discuss in Sect. 5.3.2, incorporating elevated-source/drains 

into the MOSFET structure would permit the use of such narrow sidewall­

spacers, thus allowing the resistance of the SDE-region to be made smaller. 

5.3.1.3 Parasitic-Resistance Rco of the Deeper Contact-Region of the Drain: 
Although the contact-region of the drain-structure has a deeper junction-depth 

than the SDE, it can also contribute significantly to the parasitic series resistance 

of the drain structure, namely through the contact resistance, Rco· That is, a 

salicide (TiSi2 or CoSi2) is formed on the surface of the contact-region by 

sputter-depositing a layer of Ti (or Co) onto the wafer. Then the Ti (or Co) is 

reacted with the silicon at elevated temperatures, forming the salicide layer. This 

salicide-layer (and the kinetics of its formation) play a role in the value of Rco· 

A simple model for Rco (or Rco W) is given by:21 
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Fig. 5-18 Allowed values of drain (or source) contact-resistance.23 
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(5.8) 

where Pc is the specific contact resistivity of the silicon-to-silicide interface (in 
Q-cm2). This can again be compared with the channel-resistance Rsat· Figure 5-
18 gives values of 20Rco W for a 10% contribution of (source + drain) contact 
resistance. To have a 10% or less contribution, the data in Fig. 5-18 indicates that 
Pc must be in the range of 10-7-n-cm2 for 0.25-µm MOSFETs, but must get 
down to around 4xI0-8-Q-cm2 for 50-nm MOSFETs. It has been demonstrated 
that for a barrier height of about 0.5-eV, the required doping-density needed to 
achieve such a low value of Pc is above 1020/cm3. This means that the silicon 
regions in contact with the silicide will have be very-heavily doped, a condition 
that may not be possible to attain in 50-nm MOSFETs with conventional 
structures, for reasons we describe next. 

When the silicide is formed on the source/drain contact-regions by the 
reaction of Ti (or Co) and silicon, some of the silicon in the substrate is 
consumed (i.e., when TiSi2 is formed, the silicon consumed is about 75% of that 
of the thickness of the final silicide film, while for CoSi2, even more silicon is 
consumed - about equal to the thickness of the CoSi2 that is formed). This has 
two repercussions. First, the contact-region of the drain must deep enough so that 
the junction is not entirely lost as a result of the silicide-formation. To keep the 
implanted dopants from negating the benefits of the shallow SOE-junction (as a 
result of lateral-straggle that causes the implanted species to penetrate laterally 
under the implant-mask edge) a sufficiently wide gate-sidewall spacer must be 
used to mask the contact-region-implant. This impacts the resistance of the SDE­
region, through an increase in lsDE- Second, the silicon consumed is that nearest 
the surface, just where its doping concentration is the highest. The interface 
between the resultant silicide and the silicon is far below the initial silicon 
surface, where the implanted doping-concentration is considerably lower (which 
will impact the value of Rc0 ). Furthermore, the dopant in the silicon (especially 
boron) is known to segregate into the silicide layer, further depleting the doping­
concentration at the silicide-silicon interface. Since the contact-region of the 
drain cannot be made arbitrarily deep (due to the fact that lateral-straggle also 
increases as the projected-range of the implant is increased), it is not clear that it 
will be possible to make contact-regions with doping concentrations that are 
adequately high to achieve the required low-values of Pc· The use of elevated­
source/drain regions (Sect. 5.3.2) would also allow a way around this obstacle. 
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fig, 5·19 Schematic of elevated-source/drain contacting structure. 

5.3.2 MOSFETs with Elevated-Source/Drains 

One proposed method for reducing the series-resistance of the source/drain 

structures in deep-submicron MOSFETs is to modify the basic device structure 

by adding so-called elevated ( or raised) source/drains (Fig. 5-19). In this 

method, the heavily-doped contact is elevated above the original substrate 

surface by forming a selectively-grown epitaxial-Si (or perhaps Si-Ge) layer. 

The MOSFET with elevated-source/drains has several advantages for devices 

when they are scaled to 50-nm and beyond. First, the width of the sidewall­

spacer can be made much smaller. This can greatly reduce the resistance of the 

SDE region by decreasing its length lsDE· Second, the n+ contact layer can be 

sufficiently thick to contain the salicide layer without junction-leakage problems. 

Third, the selective-epitaxy-layer can potentially be heavily-doped during growth 

to obtain a lower contact-resistance. However, two selective-epitaxy processes 

will be needed since both n+ and p+ contacts must be made. The Si-epitaxial­

growth steps occur after the SDE-implant. To keep the dopant of the SDE-region 

from diffusing too-far under the gate-edge, the selective-epitaxial-processes will 

have to be carried out as sufficiently low temperatures (i.e., probably below 

850°C). A technique involving such a low-temperature epitaxial-process for 

forming elevated-source/drains was described by Miyano et al.24 
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In late-2001, Intel announced that the deep-submicron-MOSFET structure it 
intends to use for the next decade is designed with elevated-source/drains (and an 
SOI-structure that also employs a high-k dielectric [ZrO2], SSR-channel-doping, 
and pocket-implants for punchthrough-control).58 

5.3.3 Shallow-Junction-Formation for Deep-Submicron Source/Drains 
The main thrust for achieving shallow SDE region junction depths is to decrease 
the energy of the SDE-implant. For the source/drain-structures of the 0.13-µm 
and 0.1-µm technology nodes, single-digit keV energies are expected to be 
needed for the implants that will form the drain contact regions, and sub-keV 
energies will be needed for the SOE-region-implants. 

5.3.3.1 Ultra-Low-Energy Implants: There are three reasons that reducing the 
energy of the implant leads to a decrease in the junction-depth. First, the 
projected range Rp of the implant becomes smaller as the energy is reduced. 
Second, the straggle and ion-channeling effects both scale with RP (which is 
especially important for B implants). Third, TED that occurs during the implant­
annealing step is reduced (see Sect. 5.3.3.2). It turns out that for sub-keV B­
implants the channeling-effects become relatively unimportant (compared to the 
broadening of the implant doping profile caused by TED during the annealing 
step). For this reason, elaborate measures to reduce channeling (such as 
performing a pre-amorphization-implant prior to the low-energy SDE-implant) 
are not likely to be used for MOSFETs with gate lengths of 0.1-µm and smaller. 

The difficulty with implementing such low-energy-implant processes in 
manufacturing applications is achieving the productivity that the industry has 
been accustomed to getting at higher-implant-energies. For example, at energies 
greater than 10-keV, a high-current-implanter with a beam-current between 10-
and 25-mA can implant 230 wafers per hour with the high dose of 4xl015!cm2. 

(Note that beyond 0.18-µm, the doses of the SDE will be in the 1-2xl015/cm2 

range, and the doses of the contact-regions of source/drains will be even higher.) 
At sub-ke V energies, the maximum beam-current available on commercial 
implanters in the mid-1990s timeframe was in the 1-2-mA range. Even after a 
reduction in dose (made possible by the decreasing energy), the productivity is 
only fraction of what it previously was. The decreased beam-current at lower 
energies follows from Child's law, which states that the maximum ion-current 
that can be extracted from any cathode, drops off as V312 where V is the 
extraction voltage. While this basic constraint can be somewhat circumvented 
(by extracting a larger current at a higher energy and then decelerating the beam 
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to a final lower energy; i.e .. , what implant vendors refer to as "decel"), the 

effective beam-current still decreases with the final energy. With decel, care must 

also be taken to minimize energy-contamination caused by ion-neutralization 

before (or in) the decelerating field. That is, ions neutralized while being 

transported in the beamline will not be counted as part of the dose. Furthermore, 

they will be implanted at much higher energy, possibly causing deeper junctions 

(thus defeating the central purpose of using an ultra-low-energy implant). 

There are two commercially available high-current, low-energy-implanter 

configurations: 1) batch (or multiwafer) implanters; and 2) single-wafer 

implanters. Batch type implanters are sold by Axcelis (GSD/200E® model) and 

Applied Materials (Quantum LEAP®). A single-wafer, high-current, low-energy­

implanter (with a scanned ribbon beam) is offered by Varian Semiconductor 

(VIISta-80®). The vendors of the "batch" type low-energy-implanters argue that 

the throughput is significantly higher than for single-wafer machines. The batch 

systems use a fixed beam, while the single-wafer systems use a scanned beam. 

The tuning time for a fixed beam is always shorter than that needed for a scanned 

beam, Hence, the set-up time for a batch system is smaller. Capacity modeling 

studies have shown that fewer batch low-energy-implant-systems are required 

(e.g., 3 to 4 for a fab that starts 5000-wafers per week with a 0.18-µm process, 

versus 5 to 9 single-wafer-implanters), primarily because of the fast tuning in the 

batch machines. This reduces the overall capital-cost and cost-per-wafer. 

The advantages claimed for the low-energy, single-wafer-implanters are the 

following: 1) the angle of the implant with respect to the wafer surface can be 

controlled more accurately in a single-wafer-implanter; 2) sputtering of metals 

from the spinning disk (the largest source of contamination in batch-implanters) 

is eliminated; and 3) a 70°-angle analyzing-magnet allows the VIISta-80® to 

essentially eliminate the problem of energy contamination. 

While a significant effort was being expended to improve the productivity by 

increasing the beam current,25,26 the basic capability of being able to implant at 

an ultra-low-energy (i.e., sub-keV) already existed by 2000. (That is, by 2000 

implanters were available that could provide 4-mA at 0.2-ke V.) This allowed 

researchers to investigate the limits of shallow SDE-junction-depths with sub­

ke V implants and conventional RTA methods. Drain extensions with junction­

depths that meet 0.1-µ m technology requirements were demonstrated. 27 It 

appears, however, that it may not be possible to improve on these results unless 

either the extension-resistivity-specification is significantly relaxed or new 

annealing technologies are developed which provide a smaller thermal budget 
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Fig. 5-20 Sheet resistance and source/drain junction depth expectations for CMOS 
transistors according to the ITRS99 study for cost and performance-focused product and 
gate sizes from 180 nm towards deeply-scaled devices with gates -20 nm. Also shown 
are experimental results for sub-keV B+ implants with "spike" RTA in CZ-Si materials.59 

and are compatible with CMOS processing. That is, in order to meet the 
decreased resistivity requirements of the scaled MOSFETs, it is necessary to 
implant a larger dose or increase the annealing temperature to activate more of 
the smaller dose implant. The issue is illustrated in Fig. 5-20, where the ITRS99 
expectations for the source/drain-extension junction-depth and sheet-resistance 
are compared to experimental results for boron-doping with sub-ke V B-implants 
and a "spike"-RTA process (with a high-temperature thermal-cycle of 1050°C for 
1 sec). All of the experimental results are above the - 10-3-.Q-cm resistivity 
"wall" (the dark downward-sloping line in this figure). The shaded squares and 
triangles in Fig. 5-20 are actual experimental data, whereas the open circles are 
expected results that have not yet been attained. The resistivity requirements for 
"high performance" MOSFETs are -10-4-n-cm for 20-nm MOSFETs. 

As compared to the SDE-regions of the source/drain, higher doping­
concentrations are needed for the contact source/drain-regions. This is because 
these regions are used to contact the silicide-layer, and high doping­
concentrations help to reduce the value of Rco· Since these regions are not 
adjacent to the channel, they do not have as great an impact on short-channel 
behavior as the SDE-junctions. Consequently, doses and implant-energies can be 
higher than those permissible for SDE-regions, even when B-implants are used. 
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By 2001 the trend of using lower implant energies for the SDE-implant for 

each generation appears to have reached a practical limit in terms of device 

performance (especially for p-channel transistors). That is, 0.5-keV boron 

implants appear to be the lower useful limit for shallow junctions, not just for 

0.13-µm but for all technologies.28 Below 0.5-keV, the implant becomes less 

productive, more costly, and the final junction performance (i.e., the 

simultaneous achievement of junction-depth and resistivity) is the same. The 

performance limit with a 0.5-ke V boron-implant and spike-anneal is a junction­

depth of about 35-nm and a sheet resistance of about 350-0.lsq. It appears that to 

further reduce either value, the other must be increased. 

5.3.3.2 Transient-Enhanced Diffusion: The second key reason for developing 

dopant implant processes with energies in the sub-ke V range (besides reducing 

the as-implanted depth), is to minimize the transient-enhanced diffusion (TED) 

of the dopant. When high-energy ions enter the silicon lattice, they displace 

silicon atoms from their lattice sites, creating pairs of vacancies and interstitials. 

When the post-implant anneal is initiated, most of these interstitials and 

vacancies recombine, but some· interstitials remain behind (in an amount about 

equal to the quantity of implanted atoms - most of which now occupy the sites 

that were formerly filled by the still-displaced silicon interstitials). The fact that 

each implanted atom produces about one residual interstitial after a very short 

anneal is called the "+J approximation." TED can be explained by relating its 

enhanced-diffusion effects to the presence of these excess interstitials for a wide 

range of low- and medium-dose implants, and low- and medium-energies. 

The residual excess interstitials rapidly coalesce into such unstable extended­

defects as { 311} 's and also into more-stable extended-defects, such as 

dislocation loops. While this coalescence occurs because there is a lower system­

energy when the interstitials populate extended-defects (compared to when they 

exist as individual interstitials), the defects are still metastable. Thus, they 

dissolve with continued annealing (especially the { 311 }-defects). During their 

dissolution they emit interstitials into the silicon. The rate at which these defects 

dissolve depends on the activation-energy and annealing-temperature. 

Nevertheless, as long as these defects exist, an interstitial supersaturation is 

maintained (i.e., a higher concentration of interstitials is present than would exist 

in the absence of the extended defects). Since boron diffuses by an interstitial 

mechanism, its diffusivity is enhanced by the excess interstitials - with the time­

averaged diffusivity-enhancement equal to the time-averaged interstitial­

supersaturation. In any case, both the interstitial-supersaturation and the 
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diffusivity-enhancement soon end after the defects have dissolved. The 
enhancement is thus transient. 

The increase in depth of a shallow SOE-junction dXj due to TED can be 
expressed in terms of the initial-supersaturation of interstitials and the time of the 
interstitial defect dissolution as: 

M/ oc NRP exp [- (-1.4 e V)/kT] (5.9) 
where N is number of interstitials initially trapped in the defects (approximately 
equal to the implanted dose, as noted above) and RP is the projected ion range 
(which is where the peak concentration of the excess interstitials is initially 
located). The linear dependence of N simply represents the fact that the larger the 
dose, the larger the supersaturation, and hence the greater the diffusivity 
enhancement. The linear dependence on RP has been demonstrated 
experimentally. The nearer the excess interstitials are to the surface, the faster 
they reach the surface (where they are annihilated). The linear dependence on Rp 
explains why use of ultra-low-energy implants reduces TED effects. That is, if an 
ultra-low-energy implant is used, RP will be small. Thus, the location of the 
interstitials will be closer to the surface, allowing them to escape there faster. 
Thus, the duration of the transient is shortened, making the value of dXj 
smaller.29 (Later work indicated that for implants below 1-keV in energy, TED is 
even further reduced because there is less lattice damage per ion. 30) 

Another important dependence contained in Eq. 5-9 is the negative activation­
energy of dX/, which arises from the fact that the interstitial-supersaturation due 
to the presence of the extended-defects is larger at a lower temperature. The 
negative-activation-energy implies that if the defects are annealed out at a low 
temperature, the final junction will be deeper than if the defects are annealed out 
at a higher temperature. This is one of the main reasons why the SID anneals are 
currently carried out in an RTA tool rather than in a conventional batch furnace 
(that has a ramp-up rate of a few degrees per minute). In an RTA chamber, 
significantly less time is spent during the temperature ramp-up at a lower 
temperature (at which the diffusivity-enhancement is larger). 

5.3.3.3 Rapid-Thermal-Annealing of Shallow Junctions: To form the shallowest 
junction possible using ultra-low-energy implantation, it is necessary to minimize 
the thermal-budget after implant. (Thus, as noted above, annealing such implants 
is carried out in RTA tools to realize good-quality shallow junctions.) In the ideal 
case, the as-implanted-dose would spend "zero" time at the temperature that 
would electrically-activate the dopants and heal the lattice damage from the 
implant. (Exposure to a high-temperature for a very-short time is effective 
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because the activation-energy for dopant-activation is typically higher than that 

for diffusion, thus electrical activation is favored while limiting diffusion. 

Reported values for boron are 5.4-eV and 3.4-eV for activation and diffusion, 

respectively.) Attempts to reach this ideal annealing condition have led to the 

development of so-called "spike" anneals, which consist of very fast ramp-up and 

ramp-down of temperature, with virtually zero-time at the peak temperature. 

Experiments have shown that the difference in the percentage-of-activation and 

sheet-resistance between spike-anneals and those that keep the wafer at 

temperature for 10-sec is negligible. On the other hand, for the 10-sec-at­

temperature anneals, the junction-depth increases with temperature.88 This 

indicates that spike anneals are more effective at higher peak-temperatures. 

In practice, spike anneals have an effectively finite-time at temperature. Also, 

in reality, while ramp-up rates as fast as about 200°C/sec are possible, the ramp­

down is limited to approximately 50-80°C/sec. As a result of these deviations 

from ideality, it is useful to determine what is a sufficiently-fast ramp-up rate. 

The negative-activation-energy of TED seems to indicate that as high a ramp-rate 

that can be attained, should be used during a spike anneal. However, experiments 

show that for such ultra-fast ramp-rates, the advantage gained by going from 

moderately fast (e.g., 100°C/sec) to ultra-fast ramp-up rates (200-400°C/sec) is 

relatively small for ultra-low-energy implants. Such a small advantage must be 

balanced against the loss of process control (e.g., across-wafer thermal­

uniformity and temperature-repeatability) which inevitably occurs when such 

ultra-fast ramp-up-rates are used. The reason the advantage is not very great is 

that TED is already sufficiently minimized at 100°C/sec. 32 This reduction in 

thermal-budget during ramp-up is negligible compared to the portion of the 

thermal budget which cannot be reduced (the finite-dwell-time at temperature 

and the relatively low ramp-down-rate). 

The data shows that the largest reduction in junction-depth with increased 

ramp-up-rates occur for the lowest-energy-implants (see Fig. 5-21).31 Since TED 

decreases with decreasing implant-energy, it can be inferred that the advantage is 

primarily due to the overall thermal-budget and not just of the TED. It is 

therefore evident that without the ability to increase the ramp-down-rate (when it 

is relatively smaller than the ramp-up-rate), the advantage from increasing the 

ramp-up-rate will quickly saturate at ramp-up-rates greater than the ramp-down­

rate. In addition, it has been determined that the ramp-rate is not as good a 

measure of the quality of a spike-anneal as is the time spent diffusing the dopant. 

That is, since about 90% of the dopant-activation occurs in the short-duration 

from approximately 50°C below the peak-temperature to the peak-temperature 
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fig. 5-21 Junction-depth, measured at a concentration of lx10 18/cm3 after spike­
annealing at various ramp-up-rates. The ramp-down-rate was the same in all cases. For 
both As and B the advantage from a faster ramp-up is largest for the shallowest implant. 
This implies that the reduction in TED (known to decrease with implant-depth) is not the 
dominant mechanism responsible for the larger reduction in junction-depths observed for 
the shallower-implants with increasing ramp-up-rates.31 

and back to 50°C below, this interval of time is really a better specification of the 
quality of a spike-anneal. 28 

Figure 5-22 is a survey of published spike-anneal data that was presented in 
Ref. 32. It can be seen that many of the data points are coincident, despite having 
been taken from different implant-and-annealing conditions (energy, dose, and 
ramp-rate). It is evident that more than one set of process conditions can be used 
to arrive at the same junction properties. 

A variety of RTA-tool configurations are commercially available, including 
the following: a) linear lamps, double-sided heating; b) axisymmetric lamps, 
single-sided heating; c) arc lamp; d) hot-plate; and e) hot-wall RTP. Several 
general references are available that give detailed descriptions of these types of 
RTP tools. 33,34,35 Data on shallow junctions formed with the various RTP-tool 
types can be found in the following references: lamp-based RTP systems (36); 
hot-plate (susceptor - 37); and hot-wall RTP (38). 

New ways to increase the value of the electrically-active-dopant in shallow­
junction regions are also being actively being researched. Some of these 
novel techniques include: 1) laser anneals;39 2) strain-compensation implants 
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Fig. 5-22 Comparison of p-type sheet-resistance and junction-depth data for spike-anneals 

using various implant-and-annealing conditions. The data set includes a 400°C/sec ramp­

up-rate and 0.2-keV implant-energy. Note that all the data points fall in a rather narrow 

band. No one has been able to make a 30-nm junction with a 300-Q/sq sheet-resistance 

using ion-implantation and conventional rapid-thermal-annealing.32 

(e.g., by adding Ge-atoms to the silicon lattice, their larger size compensates for 

strain caused by the smaller B atoms. This increases the solubility of the boron 

atoms in the silicon.);40 and 3) using RTP-tools which have a short lamp­

response-time, which increases the ramp-down-rate.41 

5.3.3.1' Dopant Loss for sub-keV Implants from Self-Sputtering, Out Diffusion, 

and Surface Oxide: Several factors associated with ultra-low-energy implants 

give rise to loss of some of the species that are implanted, and they are discussed 

in this section. The effects that lead to such dopant loss are: self-sputtering, out­

diffusion, and the presence of a surface oxide during the implant process. When 

the dose-loss from all three of these effects are combined, the loss can be large 

enough to pose a significant problem for ion-implant processes carried out at 

energies of 0.5-keV or lower. 

The first phenomenon associated with dopant loss in ultra-low-energy implant 

processes is self-sputtering. That is, when any solid-surface (the target) is struck 

by an ion-beam, sputtering of atoms from the target will occur. The number of 

atoms sputtered for each bombarding ion rises as the energy of the ion decreases . 

In particular, when the ions being implanted have energies in the 0.2-1-ke V 

range, significant sputtering of the target will occur. For example, when 0.5-
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fig. 5-23 The dose-loss due to self-sputtering depends on how much dopant has already 
been implanted. (a) At the start of the implant most of the sputtered atoms are silicon. (b) 
As the composition of the near surface layer becomes altered, with an increasing fraction 
of them being boron, more boron atoms are sputtered. 59 

keV B-ions strike a silicon target, about one Si-atom is sputtered for every four 
implanted B-atoms. Since at such low-energies the implanted species also come 
to rest near the Si surface, some of these implanted B-atoms themselves will be 
subject to sputtering. In fact, it is expected that with increasing B-dose, more and 
more of the implanted B-atoms will be sputtered from the surface. (This 
phenomenon is depicted in Fig. 5-23.) Since additional B-implanted-atoms will 
be sputtered with increasing dose, this implies that the fraction of implanted dose 
that is retained in the silicon wafer will decrease with increasing dose. Given the 
difficulty associated with achieving a large beam-current at such low-energies, a 
further reduction in the retained dose is very undesirable. That is, while the 
dopant-loss could be compensated by increasing the implant dose, this will 
further decrease throughput (which is already too low). 

Figure 5-24 plots the retained-dose compared with the nominal-dose for 
various energies. 32 It indicates that at 2-keV essentially the entire dose is 
retained. But at implant-energies of 0.5-keV and 0.2-keV, a significant fraction 
of the implanted-dose has been sputtered out, with the missing fraction rising 
with increasing dose. For a nominal-dose of lx1015tcm2, sputtering causes a 10% 
reduction in the retained dose at 0.5-keV, and a reduction of 20% of the retained 
dose at 0.2-keV. 
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If BF2 + is used to implant B at low-energies, the sputtering problem is 

expected to be even worse than if B is implanted. That is, in BF2 +-implantation, 

for each implanted B-atom that contributes to the retained dose, there are now 3 

atoms (one B and 2 F) which can cause sputtering (compared to just one B-atom 

for an implant process that uses B+ -ions instead). For example, for a nominal 

dose of lxto15/cm2, we stated that a 0.5-keV B+-implant will cause a 10% 

reduction in retained dose. However, if a BF2 + implant is carried out so that the 

B-atom in the BF2 + -ion has the same energy as in the 0.5-ke V B+ -process (i.e., 

the BF2 +-ions have energies of 2.2-keV), the reduction in retained-dose increases 

to -20%. The above circumstances imply that caution must be exercised when 

comparing junction data from the literature for different sub-ke V implants or for 

different species. A correction needs to be applied for the different retained-doses 

to allow meaningful comparisons to be made. 

The second effect that gives rise to dose-loss is out-diffusion. Out-diffusion of 

implanted species occurs during the annealing steps that are performed after the 

implant. As the projected-range RP of the dopant is decreased (as a result of 

implanting at lower energies), t_he out-diffusion grows worse. The reduction in 

retained-dose after a 1000°C/15-sec-anneal is approximately 10% for an implant 

energy of 0.5-keV, but increases to 15% for 0.2-keV energies. 
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Fig. 5-24 Retained B-dose as a function of nominal B-dose implanted into (100)-silicon 

wafers with an as-received native oxide. The trend lines are 3rd order polynomial spline­

fits . For a nominal B-dose of lx1015tcm2, sputtering leads to a reduction of -10% in the 

retained dose at 0.5-keV, and a reduction of -20% at 0.2-keV.52 



216 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV 

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. 1, 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-ke V is 
lost by removal of a 15-nm-thick surface-oxide, while more than 40% is lost for 
0.2-keV 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-ke V implants. For example, it has been calculated that to 
successfully implant a dose of 4xl014/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-ke V 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 SDE-implant. 

5.3.4 Effect of the Overlap of the SOE-Region and Gate-Edge on MOSFET 
Performance 
In addition to being able to carefully set the junction-depth Xj and length of the 
SDE region lsDE• it has also been reported that the amount of overlap of the 
SDE-region with the gate-edge is also critical for optimum device 
performance.42,57 That is, if the overlap of the SDE-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 nAlµm). In addition, the gate-to-(drain/source) overlap-capacitance 
increases, which negatively impacts device switching speed. 

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

offset spacer 

Fig. 5-25 Schematic of a deep-submicron MOSFET 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 of Iosat)· 

Controlling the position of the edge of the SDE region with respect to the 

gate edge can be done in the following way. First, the implant-and-annealing 

processes for forming the SDE (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 SDE 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 Iosat) is taken to be the value that 

produces the correct overlap of the SDE-region and the gate edge. 
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Fig. 5-26 Iosat versus SOE overlap (NMOS).42 
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The results of such a study are shown in Fig. 5-26. In this case, the effects of 
SDE-overlap on 0.25-µm NMOSFETs were analyzed. The arsenic-implanted 
SDE junction-depth Xj was measured to be 50-nm. Since the lateral diffusion of 
the SDE 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 SDE-overlap for 
each offset spacer width can be determined. Fig. 5-26 shows that if the SDE­
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 SOE-Junction Abruptness 
The SDE-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 SDE 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 
SDE 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 1.5°-variation across a wafer.46 

Recently, the abruptness of the SDE-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., 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. 




