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CHAPTER 5
MOS TRANSISTOR DEVICE PHYSICS: PART 3
THE SUBMICRON MOSFET

The two major goals of MOSFET scaling are to increase the density and speed of the
digital ICs in which such scaled-down devices are used. Increasing density obviously
means using smaller channel lengths and widths. To increase the speed of digital 1Cs,
the MOSFET saturation drain current Ipgy must be increased (i.e., to allow faster
charging and discharging of parasitic capacitances). From the long-channel MOSFET
models given in chap. 4, a decrease in either the channel length L or gate oxide
thickness tox will lead to an increase in Ipsa. In fact, the long-channel MOSFET
models predict that Ijgaq should continue o increase indefinitely as L and tyy are
decreased, seeming to imply that only the limitations of process technology (and not
device effects) prevent the manufacture of even smaller, higher-performing MOSFETSs.
In addition. the MOSFET models of chap. 4 also accurately describe many other device
characteristics of long-channel MOSFETS, including threshold voltage, subthreshold
current, and the Ip-Vpg characteristics in strong inversion.

However, as process technology improved to the point where devices could be
fabricated with gate lengths smaller than ~2 pm, it turned out that MOSFETSs began to
exhibit phenomena not predicted by the long-channel MOSFET models. Such
phenomena were thus termed short-channel effects. One of the more surprising of such
short-channel effects (which becomes especially pronounced as L decreases below 0.5
tm) is that the drain current in saturation Ipsas shows far less increase as L is decreased
than is predicted by the long-channel models (see Fig. 5-1).147 Tn fact, in the simple
model to be presented in section 5.4, Ipsat is predicted (o become independent of L in
extremely small MOSFETS, approaching instead, a constant value given by QvgaZ
(where vgq is the saturation velocity of the carriers, as described in section 5.4.1.2). In
contrast, reducing lox (which has the effect of increasing the oxide field, and in turn
causes Q) 10 increase), yields a considerably greater increase in Ipga. Furthermore, as
shown in Fig. 5-1 Ipsar will also increase more rapidly as L is decreased if the
MOSEET has a thinner gate oxide. This benefit provides even a greater impetus for
making Loy as thin as possible as gate lenglhs are decreased further in the drive for
higher density.

Since the quest for higher density still requires L (and Z) to be further reduced, it
will nevertheless be necessary to confront the other shori-channel effects (besides the

205
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Fig. 5-1 Measured and calculated Ipga; for an array of deep submicron NMOS transistors
with four different gate-oxide thicknesses.*” (© 1987 IEEE).

one of the Ingae dependence on L mentioned above). These other short-channel effects
can be classified into two groups: (1) increased leakage current when the MOSFET is
"off," and; (2) reliability problems associated with short-channel device structures.

Increased "off-state” leakage in short-channel MOSFETSs is due to several
phenomena, including: (a) lowering of the threshold voltage Vras L is decreased and/or
Vpg is increased; (b) the onset of punchthrough at smaller drain biases as L is decreased,
and; (¢) an increase in isolation leakage current as the isolation spacing is decreased. We
will discuss Vq lowering and punchthrough in this chapter, and isolation leakage
phenomena in chap. 6.

The reliability problems that arise in short-channel MOSFETs include: (a) thin gate-
oxide breakdown (to be discussed in chap. 7); (b) device degradation due (o hot-carrier
effects (to be discussed in chap. 9); and (¢) reliability problems associated with the
interconnects between MOSFETS (e.g., electromigration failures in the metal lines).
The latter problem is treated in Vol. 2, chaps. 3 and 4.
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Table 5-1. Comparison of Long-Channel and Short-Channel
MOSFET Characteristics

Long-Channel MOSFET Behavior Short-Channel MOSFET Behavior

1. The threshold voltage Vr is independent 1. V decreases as L is decreased.

of channel length L and width Z. VT may also be impacted by changes in Z.
2. Vr is independent of drain bias voltage. 2. V decreases with increasing Vpg.
3. Vp depends on Vgg according to Eq. 4-12 3. Vrincreases less rapidly with Vgg

(with Vpc in Eq. 4-12 replaced by Vgg). than predicted by Eq. 4-12.
4. The subthreshold current Ipgt 4. Ipgt increases more rapidly than

increases linearly as L decreases. linearly as L decreases.

wn

5. Ipgt is independent of drain bias. . Ipgt increases with increasing Vpg.

()

6. The subthreshold swing Sy is independent
of gate length.

. S¢ increases with decreasing L.

~

7. The drain current in saturation Ipgat is
independent of Vpg.

. Ipsat increases as Vpg increases.

=]

8. Ipgaq is proportional to (Vgs - V)2 . Ipgat is proportional to (Vgs - V).

9. Ipgat is proportional to 1/L. 9. As L = 0, Ipgat becomes independent of L.

In this chapter we will also cover several device design scenarios developed to keep
leakage currents sufficiently small as the MOSFET is scaled down. In addition, we
describe the issues related to submicron PMOSFET design.

5.1 DEVICE CHARACTERISTICS OF LONG-CHANNEL
VERSUS SHORT-CHANNEL MOSFETS

From the perspective of MOSFETS as circuit components, long-channel behavior has
been specified in a number of ways. As a result, short-channel device effects can be so
designated when a deviation from long-channel MOSFET behavior can be correlated
with a reduction in the gate length (and/or gate width) dimension. Table 5-1 gives a list
of long-channel device characteristics that undergo variation as the gate dimensions are
decreased. As the behavior of the short-channel MOSFET is described later in this
chapter, the terms associated with these characteristics will be defined and discussed in
more detail.

From Table 5-1 we can see that the short-channel effects can be divided into the
following categories: (a) those that impact Vr (Items 1-3): (b) those that impact
subthreshold currents (Items 4-6); and (c) those that impact I, when the MOSFET is
operated in saturation [i.e., Vps>(Vgs - V1)l, namely Items 7-9. In this chapter we
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retrograde interstitial concentration profile will cause a net boron diffusion flux toward
the surface (i.e., during the source/drain activation anneal) even if a flat boron dopant
profile exists in the vertical direction. As a result, boron piles up at the surface, leading
to an increase in V. Experimental confirmation of such an impurity pile-up is found in
SIMS analysis of flat profiles subjected to silicon damage and subsequent anneal.®® The
diffusion of boron toward the channel surface from this effect is a transient phenomenon
because the interstitials are eventually annihilated during the anneal. Good agreement
between this model and experimental data is also reported if the transient diffusion is
modeled using a coupled impurity/point defect simulator.

5.2.3.4 Model which Attributes RSCE to Silicon Interstitial
Capture in the Gate Oxide. Jacobs et al. note that V can also be shifted by a
change in fixed oxide charges Qr at the Si-SiO, interface.®’ Thus, they propose that
RSCE in the absence of a vertical gradient in the channel dopant profile can be
explained by the trapping of injected silicon interstitials by the gate oxide. These
captured interstitials introduce the negatively charged complex in the oxide required for
the observed Vg roll-up). The oxide surface is known to be an effective sink for
interstitials, and the process steps which supply the excess interstitials can be those
mentioned above. The result is a position-dependent oxide charge distribution along the
Si-Si0, interface, similar to the assumption of an exponentially decaying fixed charge
variation made by Arora when deriving the analytical model of RSCE mentioned in
section 5.3.2.1.%4

5.3 PUNCHTHROUGH (Subsurface-DIBL)IN
SHORT-CHANNEL MOSFETS

In chap. 4, section 4.7 we described the nature of subthreshold current in long-channel
MOSFETs. We noted that in weak inversion Ipg flows at the surface of the channel
region, and its value is calculated from Eq. 4-89. We also saw that the subthreshold-
swing parameter (S¢) is an important characteristic of subthreshold behavior, and in
long-channel, uniformly-doped-substrate devices it can be modeled using Eq. 4-91.

In short-channel MOSFETs, however, if Vg is fixed while Vg is increased, larger
values of Ipg values than are predicted by the long-channel device equations are
observed. This larger subthreshold current is due in part to increased Ipgt flowing at the
surface as a result of surface-drain-induced barrier lowering (DIBL), as described in
section 5.2). If only surface DIBL is occurring in a MOSFET, S; values are observed to
remain unchanged. However, another short-channel effect known as subsurface
punchthrough can also give rise to an increase in Ipg, and one manifestation of this
effect is an increase in the measured value of S;. That is, the gate has less control of
the subsurface punchthrough current than it has over the surface subthreshold current.
Thus, once a MOSFET enters subsurface punchthrough and such current starts to flow,
the S value of the MOSFET becomes larger than if only normal subthreshold current is
flowing. Since the measurable drain current is the sum of both current components,
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Fig. 5-21 Two sets of log I versus Vgg curves for MOSFETs, with Vpg varying in 1V
increments. (a) No indication of punchthrough is observed, as S¢ remains constant for all
values of Vpg. (b) Onset of punchthrough occurs as Vpg reaches ~6V, as evidenced by an
increase in St that point. (¢) Punchthrough current paths (dotted) in a surface-channel
NMOSFET with Vpg = 0.5 and 3.5V. Solid line shows the depletion region edge. The current
path transfers from the surface to bulk as Vpg is increased.”® (© 1988 IEEE).

one technique for detecting the onset of punchthrough in a MOSFET is to monitor S¢
as Vpg is increased. .

For example, in Fig. 5-21 two sets of Ipg; versus Vs curves with Vpg as the
parameter are shown. In the MOSFET characterized by Fig. 5-21a S¢remains constant
as Vpg is increased, indicating that no punchthrough is observed up Lo the maximum
applied Vpg. In Fig. 5-21b Sy increases as Vpg is increased beyond ~4V, indicating that
punchthrough sets in at about this value.

Punchthrough is a phenomenon associated with the merging of the source and drain
depletion regions in the MOSFET. That is, as the channel gets shorter, these depletion
region edges get closer (assuming that the channel-region doping is kept constant as L
is decreased). When the channe! length is decreased Lo roughly the sum of the two
junction depletion widths, punchthrough is established. (Note that punchthrough may
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even exist in a short-channel device at Vg = 0, depending on L and the substrate
doping.) Nevertheless, since the depletion regions of a pn-junction widen as reverse-
bias is increased, all MOSFETs would eventually enter punchthrough if a high enough
Vps could be applied. However, in MOSFETSs with £>2.0 ym, breakdown of the drain-
substrate junction generally sets in before this punchthrough voltage is reached. As a
result, in practice, punchthrough is not a limiting factor in long-channel digital
MOSFET design. In shorter-channel devices (i.e., L<2.0 um), however, punchthrough
does represent a serious limitation.

Another factor also impacts punchthrough behavior in n-channel MOSFETs. That is,
in submicron NMOSFETs a Vr-adjust implant is used to raise the doping of the
surface-channel region above the doping of the substrate. (This can also be viewed as an
increase in the electrostatic potential at that point near the source.) Thus, the
source/drain depletion-region widening is greater beneath the surface due to the lighter
doping there. A punchthrough condition would therefore be first established below the
surface in such devices, and hence this effect is referred to as subsurface punchthrough
(see Figs. 5-22 and 5-23). Note that in PMOSFETs fabricated with n* polysilicon
gates the punchthrough problem occurs in a somewhat different manner, which we will
describe in a later section dealing with this issue (i.e., section 5.8.2.3).

Once subsurface punchthrough occurs, any increase in the applied reverse-bias drain
voltage (beyond that required to establish punchthrough) will lower the potential energy
barrier for majority carriers in the source.® With a diminished barrier height, a larger
number of source-region majority carriers (e.g., electrons in an NMOSFET) have
enough energy to be injected from source to substrate. Some of these injected electrons
are collected by the drain, causing Ipg; to increase. The component of Ig; which flows
as a result of subsurface punchthrough is known as punchthrough current. When
designing MOSFETs one criterion of a successful device design is that the
punchthrough current should be insignificant under normal bias conditions. That is, if
sufficient punchthrough current is observed, the device structure must be redesigned to
effectively suppress such current.

ox = 200 & be— L=t ptm o fox350 A~ kL=t zmf
+ ) ; b FEd% +
\ BT, 3 D\IEED),
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/ 05um f T %60 .
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Fig. 5-22 (a) NMOSFET without Vy-adjust implant. (b) NMOSFET with Vr-adjust implant,
showing the bulging of the drain depletion region beneath the surface as Vpg is increased, due
to the lower doping concentration in the substrate below the depth of the V-adjust implant.
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Two-dimensional simulations of the potential in the channel regions of short
channel NMOSFETs with V-adjust implants support the view that depletion-region
widening is greater beneath the surface. In addition, they indicate that the point of
maximum source-substrate potential energy barrier lowering is also beneath the Si-SiO,
interface (generally at approximately the same depth as the source/drain junction depths).
Figures 5-23a, c, e and g show a "bird's eye" or perspective view of the electrostatic
potential variation in a short-channel MOSFET computed using such 2-D numerical
analyses, as Vpg is increased from Vpg = 3V to Vpg = 9V. Figures 5-23b, d, f and h
show contour plots of these same results. We can see that when the device enters punch-
through the location of the electrostatic potential saddle point is beneath the surface, and
the value of the potential at this saddle point may be higher than the potential
minimum at the surface. Since electrons follow the potential peak (see Figs. 5-23g and
i), in such cases the component of current due to subsurface punchthrough will be larger
than the channel-current component, and the subsurface current will flow along the path
indicated by the subsurface potential ridge connecting the source and drain. Figure 5-21c
shows a simulation of the subthreshold current paths in an NMOSFET with L = 0.6
pm for surface-DIBL (i.e., Vpg = 0.5V) and for subsurface-DIBL (punchthrough, Vps =
3.5V). This shows that the subthreshold current path transfers from the surface to the
bulk as Vpg increases, which supports the view that at low Vpg surface-DIBL is
responsible for the increase in Ipgt in short-channel NMOSFETS, but that at high Vpg
punchthrough becomes the primary cause of subthreshold leakage.

Subsurface punchthrough exerts the biggest impact on circuit operation when the
MOSFET is OFF, since a tiny punchthrough current in this case can still represent
intolerable leakage. However, the device parameter most commonly used to characterize
punchthrough behavior is the punchthrough voltage Vpr defined as the value of Vpg at
which Ipg reaches some specific magnitude (e.g., 1 nA/um) when Vgg = 0. The goal in
designing a MOSFET is to have Vpy exceed any possible operating Vps. Thus, Vpr is
measured when the device is in subthreshold, as will be discussed in upcoming
paragraphs. Note that Vpr can be roughly estimated by determining the value of Vpg at
which the sum of the depletion widths Wg under the source and Wy, under the drain
(using the value of the doping concentration in the substrate as Nsyp) equals the channel
length L, or from the expression?*

Vpr o Ngyg (L - 1)’ (5-17)

Nevertheless, no accurate analytical model exists for estimating Vpr as a function of
implant dose and depth. A full numerical solution of the 2-D Poisson equation must
thus be obtained to predict the variation of Vpy for each device structure.

Several measures can be taken to prevent short-channel MOSFETSs from entering
subsurface punchthrough. First, the substrate doping can be increased to decrease the
depletion-layer widths. A simple rule-of-thumb proposed by Klaasen® is to select a
minimum substrate doping value according to Ngyp>Ncn/10, where Ngypg is the
uniform bulk-substrate doping/cm? and N¢, is the average doping/cm? in the implanted
region of the channel (e.g., Di/x¢). This approach, together with a single Vr-adjust
implant can produce appropriate threshold and punchthrough voltages for NMOSFETs
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Fig. 5-23 (a and c) 2-D perspective plots of the potential in an n-channel MOSFET with a
drain bias of (a) 3 V and (¢) 5 V, respectively. Channel length = 1 um. (b and d) 2-D contour
plots of the same cases. From K. M. Cham, et al., Computer Aided Design & VLSI Device
Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with permission.
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Fig. 5-23 cont. (e and g) 2-D perspective plots of the potential in an n-channel MOSFET
with a drain bias of (¢) 7 V and (g) 9 V, respectively. Channel length = 1 ym. (f and h) 2-D
contour plots of the same cases. From K. M. Cham, et al., Computer Aided Design & VLSI
Device Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with
permission. (i) Electron concentration of the MOSFET in punchthrough, i.e., case g & h.
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with drawn gate lengths of 1.3 ym nominally operated at 2.5V power supply (e.g., a
single 20 keV B* implant at ~9x10"" cm-2). A similar process has also been applied to
1.25 pm CMOS devices using a 5V supply. Although some short-channel effects are
observed, Vr and Vpr voltages are reasonable. However, for devices with drawn gate
lengths of ~1 um (Lefr ~0.55 pm), a single Vr/punchthrough implant cannot adequately
satisty all requirements, especially if high resistivity (>10 €-cm) substrates are used.

As a result, another approach using an additional implant known as a punchthrough
stopper implant (or punchthrough implant, PTI) must be employed. The second
implant peak concentration is located at a depth near the bottom of the source-drain
regions. Fig. 5-24a qualitatively depicts such a MOSFET structure. The additional
doping introduced by such an implant (e.g., boron in NMOSFETSs) reduces the lateral
widening of the drain-depletion region below the surface without increasing the doping
under the junction regions. With such implants, the component of the punchthrough
current can be suppressed to well below the long-channel Ijyg; value in MOSFETSs down
to 0.5 um, while still maintaining a lower value of Ngyg (for reduced values of G-
However, precise control of the placement and dose of this implant within the channel
region is required to achieve the intended enhancements. For example, Fig. 5-24b shows
the as-implanted doping profile of the channel with (dashed line) and without (solid line)
a punchthrough implant (i.e., prior to annealing the implants). In addition, it is
important to keep the punchthrough implant profiles from spreading out appreciably
during annealing (see Fig. 5-24c), since the additional doping above the well's value
adds to the source/drain-to-well capacitance and the transistor's threshold voltage
sensitivity to back biasing of thep-well. Thus, the post channel implant thermal cycles
should be kept to a minimum. An example of such a punchthrough implant for a 1 um
NMOSFETs is a 70 keV B* implant at 6x10!! cm2.

A third techriique is to locally implant p-type dopants (in NMOSFETs) under the
lightly doped tip region of the LDD as shown in Fig. 5-25a, and such implants have
been termed a "halo" implants. (The use of halo implants as punchthrough stoppers in
PMOSFET: is discussed in section 5.8.1.1.) Because the implanted dopant raises the
doping concentration only on the inside walls of the source/drain junctions, the channel
length can be decreased without needing to use a higher-doped substrate. That is,
punchthrough does not set in until a shorter channel length because of the "halo." A
penalty in increased sidewall junction capacitance is paid, but this cost is smaller than
that incurred should the bottom area of the junctions lie above heavily doped substrate
material. The maximum halo doping is determined by the onset of low-level avalanche
breakdown of the pn* junction as is shown in Fig. 5-25b.

A halo NMOSFET with L = 0.35 um, tox = 15 nm, and operated at 3V has been
reported.?® The junction depth rj and p-halo peak doping were ~0.14 gm and
~3x10'7 ¢cm3, respectively. A more recent. report applied a large-angle tilt (LAT)
implant of boron ions in NMOS and phosphorus in PMOS (Fig. 5-25¢) to form a halo-
like structure in each device (called a self-aligned pocket implantation). A tilt angle of
25-30° was used to implant the pocket dopants after gate formation, so that the gate
structure acted as a self-aligned implant mask. Devices with channel lengths as small as
0.2 pm that still exhibited long-channel subthreshold V1 behavior were fabricated.?’
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Fig. 5-24 (a) An implanted NMOS structure with three regions of different doping. Level A
contains the dopant from the Vp implant. Level B contains the dopant from the punchthrough
control implant, considered to be a Gaussian centered at a distance Rp from the gate, with a
straggle ¢. Level C is the original substrate. (b) As-implanted channel doping profiles with

(dashed line) and without (solid line) punchthrough implant. (¢) Example of simulated
channel impurity profile of an NMOSFET with both Vy and punchthrough control imptants -

as-implanted (dashed lines), and after anneal (solid line).!13 (© 1982 IEEE).
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Fig. 5-25 (a) "Halo" NMOS structure.2® (© 1985 IEEE). (b) Vpsmax limited by avalanche

breakdown versus channel length for various peak halo doses.2® (© 1985 IEEE). Process for

producing "halo” NMOS structure using a Self-Aligned Pocket Implantation [SPI] technology
is shown.?” (© 1991 IEEE).

5.3.1 Experimentally Characterizing Punchthrough

The onset of punchthrough in a device can be measured in several ways. As mentioned
at the outset of the discussion, for a specific device (i.e., one that has a single, specific
channel length and channel doping profile), the onset of punchthrough over the
operating range of Vpg can be monitored by measuring log Ipg vs. Vg for different
Vps values (Figs. 5-21a and b). If the curves look like those of Fig. 5-21a, the device
does not exhibit subsurface punchthrough up to the maximum Vpg applied (since the
slope of the log Ipgt curves remain constant as Vg is increased). The curves of Fig. 5-
21b however, indicate that punchthrough is setting in, with its onset marked by the
Vps-curve having a larger Sy value than that exhibited at small Vpg. (Note that since
punchthrough current flows in parallel with ordinary Ing, S; will noticeably increase
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While this model is useful in providing insight into the general directions that LDD
device-design should take, it does not provide enough information to be able to predict
the actual hot-carrier lifetimes of LDD devices designed only from the data provided by
the model. That is, the assumption is still made that an LDD MOSFET with the

smallest value of Eymax will yield a device structure with the highest hot-carrier
reliability. Unfortunately, this is not always the case. Instead, other factors enter into
the picture, as will be discussed in the section that examines the issues of hot-carrier
reliability in LDD devices (section 9.7.2). We will also describe methods that are better
able to predict hot-carrier hardness in LDD devices (section 9.10). These are based on
more rigorous simulation procedures than those used in the above model.

9.6.1.3 Model for the Series Resistance Introduced by the n-
Region of the LDD. The value of the resistance R,- introduced by the n” region
of an LDD can be simply modeled if we assume that the doping concentration in the n°
region is uniform (with a value Np) along the distance Ly- and to the depth of the region
Tj. In this case, we can model R,- in an NMOSFET according to:

Ry- = Lp-HgunNpr) Z 2+ 14)

where Z is the width of the device and yp is the mobility of the electrons in the
n” region (e.g., 800 cm¥/Vsec). The impact of R,- on I is described in section 9.7.1.1.

9.6.2 Overview of the Process Sequence to Form LDDs

The basic process sequence used to form early LDD MOSFETs in simple NMOS
technologies is shown in Fig. 9-31. The poly gate is patterned with an RIE etch
process designed to produce a poly feature with vertical sidewalls (Fig. 9-31b). In some
processes the thermally grown gate oxide beyond the edges of the gate is kept in place
after the poly etch, in an attempt to maintain a high quality interface under the sidewall
oxide. This requires a polysilicon etch with extremely high selectivity to oxide, since
the gate oxide is normally quite thin (e.g., 12.5-20 nm thick). Next, the n~ implant
(also called the graded-drain, or tip implant) is carried out with phosphorus to form the
lightly doped region of the drain. In early LDDs the doses ranged from 5x10'2 to
1x10'3 cm2 at energies of 40-60 keV (Fig. 9-31¢). Note that the n” region at this point
is essentially self-aligned to the gate electrode. The a” implant is carried out using a
medium-current implanter with the ion beam tilted at 7° (lo minimize implant
channeling effects - see vol. 1, chap. 9).

Following the n~ implant step a thin oxide is thermally grown on the patterned poly
gate using a short dry-oxidation process (this step is called poly re-ox). A conformal
CVD oxide film is then deposited. A popular method is to decompose TEOS at 725°C,
as this produces a film with excellent conformality, and if the poly profile is vertical,
no re-entrant profile. A conformal deposition process produces a thicker film at the edge
of the gate-to-active area step than on flat areas. Thus, an anisotropic dry-etch process
will clear the oxide in the flat areas while leaving spacers at the sidewalls of the poly

TSMC Exhibit 1023, Page 32 of 35



596 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III

- i

p-substrate

(a)
Thermal oxide

Fig. 9-31 Basic process sequence to form an LDD NMOSFET. (a) After poly deposition;
(b) after poly etch; (¢) LDD implant; (d) spacer deposition; (e) spacer etch; (f) n* implant and
passivation.

gate (Fig. 9-31d). If the spacers are etched to endpoint with minimal overetch, the
spacer height will be close to the same height as the poly. For poly gate thicknesses of
0.3 pm and a deposited oxide film thickness of ~0.3 um, spacer widths of ~0.2 um are
typically obtained. A discussion of spacer thickness and shape dependence, with respect
to variations in the deposited film thickness, conformality, overetch time etc. is given
in ref. 51.

It should also be noted that to account for variations in the spacer oxide layer
thickness, some overetch is needed in the etch step that creates the spacer. During the
overetch time the spacer shape is altered (i.e., its thickness and height from the top of
the poly gate will change). In addition, the field oxide and the silicon in the source/drain
regions are also etched. Excessive overetching of these regions is undesirable from
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device isolation and junction leakage viewpoints, respectively. Figure 9-32 shows a
SEM photograph of an NMOS transistor with an oxide spacer at the conclusion of the
spacer etch process, where the n* gate and drain regions have been decorated with a
selective etch (the n~ region is not visible). Note that the silicon in the drain has been
slightly etched during the spacer overetch as shown by the depression in the silicon
surface to the right of the gate. Leakage of the source/drain junctions, localized in the
junction directly beneath the spacer edge has been reported in oxide-spacer LDDs. This
problem has been attributed to the silicon loss and etch damage in the substrate arising
from the spacer etch,’?33 and to defects formed by the subsequent n* implant and
anneal. (The shape of the oxide spacer produced by the spacer etch process has also been
reported to impact the formation of these defects.’*)

After the oxide spacers are formed, a high dose n* source/drain implant is carried out
with a high-current implanter. Typically, arsenic is implanted at a dose of about 5x10'5
cm? and at energies of 40-80 keV. This forms the low-resistivity drain region, which is
merged with the lightly doped n~ region. Because the spacer serves as a mask for the As
implant, the heavily doped n* region is self-aligned to the sidewall spacer edges and is
thus offset from the gate edge. Since the edge of the n' region is further away from the
channel than would be the case in a conventional drain structure, the depth of the
heavily-doped region of the drain can be made somewhat greater without adversely
impacting the device operation (e.g., 0.3 um deep versus 0.18 im deep). The increased
junction depth lowers both the sheet resistance and the contact resistance of the drain.
Deeper junctions also provide better protection against junction spiking. An anneal is
then performed to cause the n~ dopant to sufficiently diffuse laterally under the gate edge
and to activate the implanted n* dopants. (Actually, the entire thermal budget after n-
implant determines the degree of lateral diffusion, and this is often dominated by the
interlevel dielectric densification and reflow step, e.g., 950°C for 20 min.)

By introducing the sidewall spacer after the n~ implant to laterally offset the n*
implant, the LDD structure offers more freedom in optimizing the n- length than the
DDD structure. That is, the n~ length is controlled by the lateral spacer dimension and
thermal drive cycle, and is made independent from the n* junction depth. If a salicide

4 -
3 1

BO11 20KV X50,800 1804 415

Fig. 9-32 SEM photograph of an NMOS transistor with an oxide spacer at the conclusion
of the spacer etch process, where the n* gate and drain regions have been decorated with a
selective etch (the n~ region is not visibie).%” Reprinted with permission of Semiconductor
International.
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process is being implemented, an oxide spacer is also needed to prevent shorting of the
gate and the source/drain regions, and this structure is intrinsic to the LDD approach.
However, as we shall describe in the next section, the conventional LDD has other
problems and disadvantages, and improvement in hot carrier resistance in the basic LDD
structure is obtained only by trading off device performance.

9.7 PERFORMANCE AND HOT-CARRIER LIMITATIONS
OF THE CONVENTIONAL LDD

As emphasized earlier, the reason LDDs are incorporated into submicron MOSFETs is
to increase their hot-carrier reliability. It would be ideal if this benefit could be obtained
without degrading the other performance characteristics of the device. However, the
introduction of an LDD generally does cause some performance degradation, primarily
by causing a reduction in the drive current of the MOSFET. An example of this effect is
illustrated in Fig. 9-33,55 which compares the drain current in conventional and LDD
MOSFETs as their gate length and n~ dose is varied. The LDD MOSFETs exhibit
smaller Ip, values. To make matters worse, if LDD MOSFETs are poorly designed they
may even be more susceptible to hot-carrier degradation than comparable non-graded-
drain MOSFETs.
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Fig. 9-33 Drain current in LDD MOSFETs with various gate lengths.55 (© 1984 IEEE).
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