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rising curve, and for Vpg values beyond this point I, is no longer influenced by Vg,
but instead rises quickly as Vpg is increased. The I, behavior in this latter region is
indicative that subsurface-DIBL (punchthrough) has set in, as discussed in section 5.3.

5.2.1.6 Dependence of V; on Vgg in Shori-Channel MOSFETs. In

long-channel, unifermly doped MOSFETSs the threshold voltage depends on the body-
substrate voltage Vg as given by Eq. 4-12 (repeated here for convenience)

Vi = Vpg + 205 +7(20p + Vpg)'? (5-16)

In short-channel MOSFETSs, however, the effect on Vi when a substrate bias Vgg is
applied is not well modeled by this expression. That is, as shown in Fig. 5-12, at
shorter channels or higher drain biases, Ve is less sensitive to Vpg than predicted by Eq.
. 5-16. For example, in the case of L = 1.5 um and Vpg = 8V shown in Fig. 5-12, V¢
becomes almost independent of Vg at larger values of Vgg. In addition, for the case of
L= 0.7 um, V- becomes independent of Vg for all values of Vg.!% This implies that
the substrate tends to Iose control of the channel (just as does the gate itself), at shorter
¢ channel lengths. The break in the slope of the L = 1.5 ym curves in Fig. 53-12 occurs
with punchthrough of the depletion regions of the source and drain (see sec. 5.3 for
details on punchthrough). This is because punchthrough decouples the edge of the
depletion region from the gate, thereby decoupling the channel from the substrate.

The data shown in Fig. 5-12 also implies that this effect can be modeled numerically
© by using a smaller body effect coefficient y (defined in Eq. 4-8a as Y = [Kgjeo/gNA)'2)
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Fig. 5-11 (a) Experimental Ingt-Vpg characteristics for a MOSFET with L = 2.1 um, Vg =
Vg = 0V. For smaller values of Vpg, Ipgt is reduced by roughly one order of magnitude for
each 0.1V decrease in Vgg below V. At higher values of Vpg, a subsurface punchthrough
current flows that is independent of Vgg.!'! {© 1974 IEEE). (b) Experimental and simulated
values of Ipgt versus Vpg for a 0.8 gm NMOSFET with Z = 20 pm.™ (© 1988 IEEE).
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Fig. 5-12 Variation of Vo versus Vg for three different channel lengths: L = 10 gm (long
channel); L = 1.5 um (short channel); L = 0.7 um (punched through at Vg = 0V). N = 1014
em'3, tox = 10004, rj=1 pm.'% Reprinted with permission of Solid-State Electronics.

in the threshold voltage equation. Similar results have been obtained by Sheu et al.l!
They, however, elected to model this effect in the short-channel MOSFET SPICE
model (BSEM, see section 5.5) by including another empirical term in the Vrequation
(i.e., this new term is P»[2@p - Vgsl, see Bg. 5-75). The coefficient P; of this term is
empirically determined from measurements, and has a value of 0.8634 in BSIM.

5.2.2 Narrow Gate-Width Effects on Threshold Voltage

As device widths shrink, three additional effects begin to modify the expected Vr
behavior of such narrow-channel MOSFETs. Although these effects are less critical than
short-channel effects, they cannot be ignored. The first two cause measured values of
Vo to increase above those calculated by Eq. 5-16 as the width is decreased (making the
MOSFET appear narrower than its geometrical width).!? The third causes Vg to
decrease, in effect making the device appear wider. The first two effects are exhibited by
MOSFETs fabricated with either raised field-oxide isolation structures (in which the
field oxide is grown and then etched to expose the active device regions, Fig. 5-13a) or
with semi-recessed LOCOS isolation structures (see chap. 6) as shown in Fig. 5-13b.
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The third effect occurs in devices which use fully-recessed-L.OCOS or trench-isolation
structures (in which the trench is filled with an insulator).

The first effect is the opposite of the short-channel Vshift effect. That is, at the
source and drain ends of the channel (i.e., along the length dimension L), a depletion
region exists at each pn junction (even at Vgg), requiring less voltage to be applied to
invert the channel. As just mentioned, this leads to a decrease in Vo in short-channel
MOSFETs. However, at the ends of the channel perpendicular to the drain current flow,
no pr junction exists (i.e., along the edges of the device in the width dimension).
Hence, a gate bias that repels majority carriers must not only deplete such carriers in the
channel in the vertical direction, but also in the lateral direction beyond the thin gate
oxide. Because the lateral depletion region width in this region extends beyond the gate,
an effective bulk charge width larger than the actual width is apparently present. If the
width Z is small, these side regions represent a large percentage of the depleted volume.
Hence, a larger Vgg must be applied to invert the channel than if these edge regions did
not have to be depleted. This leads to an increase in V.

The second effect arises from the encroachment of the channel-stop dopants under the
edges of the sides of the gate. (In the case of NMOSFETs boron channel-stop dopants

Depletion |
region

Depletion region

Fig. 5-13 Effect of fringing field on spreading the depletion region sideways. (a) In
MOSFET with field oxide grown and then etched to expose the active region. (b) In MOSFET
having a semirecessed LOCOS field oxide. From Y.P Tsividis, Operation and Modeling of the
MOS Transistor, McGraw-Hill, New York, 1987, p. 192. Reprinted with permission.
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5-14 Threshold voltage shift AV caused by this narrow-channel effect for a MOSFET with
N =101 em3, and oy = 50 nm.!2 From G. Merkel, Process and Device Modeling for IC
Design, (F. Van de Wield, Ed.), Noordhoff, Leyden, (1977). Reprinted with permission.

encroach under the gate edges. In the case of PMOSFETS, where a channel-stop implant
may not be used, phosphorus pileup at the silicon surface during field oxidation
produces n-type channel stop dopants at higher concentrations in the field regions. This
also gives rise to subsequent encroachment into the active regions.) This has the effect
of doping the channel at the edges along the width dimension more heavily than at the
center (see Fig. 6-10). Again, a larger voltage must be applied to the gate to completely
invert the channel than if the additional doping at the edges was not present (Fig. 5-14).
From another perspective, the channel at the edges will be less turned on than the
channel at the center. Thus, for the same (Vgg - Vi), significantly less current may be
conducted in a narrow-channel MOSFET with channel-stop dopant encroachment than in
one without such encroachment.

In practice, the latter (encroachment-related) effect is more severe than the edge-
depletion-region effect, especially in devices with heavy channel-stop implants. An
analytical expression that models both effects in semirecessed MOSFETs is given in
ref. 13. For more precise calculations, however, numerical analyses are required.!4
Several methads are described in chap. 6 for reducing the channel-stop encroachment and
thus reducing this narrow-width effect.

Because the third effect decreases Ve, is often called the inverse narrow-width effect.
As pointed out earlier, the effect occurs in MOSFETs with trench or fully recessed
LOCOS isolation structures, as shown in Fig. 5-15. {Note that the narrow width
effects described earlier does not occur in trench isolation structures. Since there is no
semiconductor region beyond the edges of the gate in the width dimension, there is no
region that is subject to depletion.)
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Figure 5-15a depicts the edge of the channel, the trench field-oxide, and the gate
(which always overlaps the channel to some degree}. When the gate is biased, the field
lines from the overlapping region are focused by the edge geometry of the channel.
Thus, at the edges of the channel, an inversjon layer is formed at lower voltages than at
the center. As a result, less bias overall must be applied to the gate to invert the
channel across its full width, From another perspective, a corner parasitic MOSFET in
parallel with the main device is established. The parasitic device turns on at voltages
lower that the main channel, resulting in a "hump" in the drain current versus gate
voltage curves (Fig. 5-15b).!5 Thus, the parasitic device increases the subthreshold
leakage current of the active device,

An analytical expression that simulates the narrow-width effect in an ideal isolation
trench structure is given in ref. 16. A more general analysis of the narrow width effect
that covers both the first and third effects is carried out in ref. 17. An even more recent
model of the inverse-narrow-width effect in trench isolated submicron MOSFETs,
including the impact of non-uniformly doped channels was proposed by Chung and
Li.l8

However, the inverse-width effect is also sensitive to several other factors,'?
including:

e

?)}}

1. The doping concentration in the sidewalls of the silicon, which can be
impacted by channel-stop dopant redistribution, dopant segregation during field-
oxide growth, or intentional doping of the sidewalls by such processes as large-
tilt-angle implantation.

2. The trench isolation spacing.
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Fig. 5-15 (a) Structure and two dimensional contours of equipotentials and electron
concentrations for a MOSFET employing a trench or fally-recessed oxide isolation structure.
112 ¢@ 1979 IEEE). (b) "Hump" in subthreshold Ip-Vgg curve due to the inverse narrow width

effect in trench isolated MOSFETSs. !5 This paper was originally presented at the Fall 1988
Meeting of the Electrochemical Society held in Chicago IL.
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3. The shape of the corner region at the edge of the gate. (If the top surface of
the field oxide is depressed below the gate-oxide surface, the effect will be more
severe than if the field oxide surface is raised above the gate oxide surface.)

Thus, if trench isolation is used, the planarization technology that determines the fina]
wafer topology at the conclusion of the isolation structure fabrication will have to be
tightly conirolled to maintain precise control of Viy (see also chap. 6).

5.2.2.1 Devices Exhibiting Both Short- and Narrow-Width
Effects. In devices in which both effects are capable of causing a shift in Ve, neither
the short-channel nor the narrow-channel models alone suffice to accurately predict the
resultant V. Some simplified analytical expressions employing a three-dimensional
approximation of the depletion regions have been developed,?® but for cases involving
various device voltages and non-uniform channel doping concentrations, numerical
analyses are necessary.

5.2.3 Reverse Short-Channel Effecis on
Threshold Voltage (RSCE)

In the previous sections it was implied that the Vi of a MOSFET decreases
monotonically with decreasing channel length. This was explained by two-dimensional
electrostatic field considerations, and various models for predicting such effects were
described. However, in some situations it has been found that Vi initially increases with
decreasing channel length (beginning when L ~2-3 ym), contrary to what is normally
expected.?1¥2 This phenomenon has been termed reverse short channel effect
(RSCE),Vr roll-up, or anomalous threshold behavior. After V¢ reaches a maximum
value due to RSCE (at ~0.7 pm), it then declines as channel lengths are further
decreased (Vi roll off). Apparently the two-dimensional effects that are responsible for
Vr roll-off eventually compete with the effects causing Vo roll-up and the former come
to dominate at the shortest channel lengths. (In fact, the ultimate rate of Vi roll-off with
Lefr is reported to be much faster than can be explained by conventional models of
laterally uniform channel doping). The combined RSCE and Vr roll-off effects result in
a "hump" in the Vr versus L characteristics (Fig. 5-16). The initial rate of enhancement
of Vr with decreasing L is also maximum at zero bias and decreases with increasing
bias. As will be described in the next sections, different explanations have been given
for the V roll-up effect. However, while several models which seem to provide good
quantitative agreement with experimental observations of RSCE have been developed, a
consensus has not yet been reached as to which physical mechanism(s) are responsible
for the effect.

5.2.3.1 Model which Proposes RSCE is Due to Lateral Dopant
Nonuniformity at the Channel Si-SiO, Interface (Arising from
Enhanced Diffusion of Channel Dopants Caused by Interstitial
Injection During Poly Reox, Salicide Formation, or Implant
Damage). The first explanation of RSCE is based on the fact that this effect was
initially observed in NMOSFETs fabricated with two boron channel implants (i.e., a
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Fig. 5-16 Experimental n-channel threshold voltage versus channel length.92 (@ 1987 IEEE).

shallow boren implant for adjustment of the threshold voltage, as described in chap. 4,
and a deeper boron implant for suppression of punchthrough, as described in section
5.3).92 The doping profile as a function of x in the channel beneath the gate oxide
resulting from these two implants is qualitatively depicted in Fig. 5-17a.

After the polysilicon gate is defined by etching and the source/drain regions are
implanted, a thermal oxidation step (referred to as reoxidation or re-ox) is performed (see
also chap. 9, sec. 9.7.1.4). This oxidation serves several purposes, including: (1) to re-
oxidize the source/drain regions. (The source/drain implant is carried out with the gate
oxide intact over these regions. The heavy implant is likely to damage and contaminate
this oxide, and so it is stripped after the implant. The reoxidation step regrows a fresh
oxide over the source/drain regions, as well as on and around the poly gate); (2) the ther-
mal oxide on the poly serves as a diffusion mask which prevents boron dopants from
the BPSG interlevel dielectric from diffusing into the n* poly during the BPSG flow
and reflow processes; (3) to reduce the MOSFET gate-to-drain overlap capacitance and
strengthen the gate oxide at the poly gate edge. The latter benefits are obtained because
oxidation-induced encroachment gives rise to a so-called gate bird's beak - or graded gate
oxide {GGO] - under the polysilicon edge, as shown in Fig. 5-17b. The thicker oxide
due to GGO at the gate edge reduces the gate-to-drain overlap capacitance and relieves the
electric-field intensity at the corner of the gate structure, thus enhancing the gate oxide
integrity at its edge. However, the reoxidation step can also detrimentally impact the
characteristics of MOSFETs which employ lightly-doped drains (LDD), and thus the
re-ox step must be optimized for this type of device, as is described in more detail in
chap. 9. Here only the proposed impact on Ve due to the re-ox step is considered.

As described in chap. 7. vol. 1, the injection of interstitials which accompanies
thermal oxidation causes oxidation-enhanced-diffusion (OED) of dopants in the vicinity
of the growing oxide (see Fig. 5-17b). In the re-ox step, the diffusion of dopants is
enhanced not only under the oxidizing {i.e., source/drain) regions but also in the adjacent
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channel region (due to lateral diffusion of the injected Si self-interstitials into the
channel region). The OED causes boron to diffuse more rapidly. This brings more
boron from the deep buried peak to the surface near the edges of the channel (because the
injected interstitial concentration is highest near the channel edges). As a result, the
boron surface concentration becomes larger at the channel edges than if diffusion of the
implanted boron profile had not been enhanced (see Fig. 5-18), The increased concen-
tration of the boron in these regions gives rise to an overall increase in Vi if L becomes
small enough to make these regions a significant fraction of the channel length.

The V1 roll-up has also been observed in MOSFETs in which a salicide is fabri-
cated® (i.e., a salicide is a self-aligned silicide formed on the source/drain regions to re-
duce the sheet resistance of the source and drain, see chap. 3, Vol. 2). Lu and Sung pro-
pose that during silicide formation vacancies are injected and these enhance the dopant
diffusion of the boron in the dual-implant profile, again giving rise to a lateral non-
uniform lateral distribution of boron along the channel surface. As in the OED model,
this gives rise to an enhancement of V1 as the MOSFET channel length is decreased.

An analytical model of RSCE based on nonuniform lateral boron surface
concentrations arising from either (or both) of the above effects has been developed by
Arora and Sharma,* although they model the RSCE as being due to a nonuniform
buildup of oxide charge along the Si-SiO, interface (see also section 5.2.3.4).

5.2.3.2 Model Which Proposes RSCE Arises from Boron
Segregation to Implant Damaged Regions at the Edge of the
Channel. Although the above models appear plausible, Vi roll-up has also been
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Fig. 5-17 (a) Vertical doping profile in an NMOSFET channel which uses a punchthrough
implant. {b) Conceptual diagram of local interstitial injection during reox.%2 (® 1987 IEEE).
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Fig. 5-18 Simulated vertical n-channel profiles at x = 0 and x = L/2 with and without
oxidation-enhanced diffusion (OED).%? (© 1987 IEEE).

observed in MOSFETs with uniformly doped channel regions (Fig. 5-19). In such
MOSFETs the above models would predict that boron surface concentrations would
decrease near the edges of the channels. {That is, boron would segregate into the
growing oxide, and then boron from the center of the channel would diffuse into these
depleted regions, resulting in a loss of boron from the channel regicn). Thus, the model
of section 5.2.3.1 predicts that Vy would decrease monotonically with decreasing
channel length in MOSFETs with nonimplanted (i.e., uniform) channel regions.
Furthermore, when the channels get very short, (i.e., <0.3 gm) the observed Vo roll-off
is more rapid than that predicted by the 2-D DIBL numerical analyses assuming a
laterally uniform channel doping. As a result, another phenomenon has been suggested
as being responsible for the RSCE (including both the initial V1 roll-up and the
subsequent enhanced roll-off effects as the channel length is decreased), namely the
depletion of boron from the channel region by strong segregation of the boron into the
adjacent source and drain regions during the source/drain implant-activation anneal %78
This segregation is thought to occur as a result of the presence of crystal defects
caused by the source/drain implant step. (Such defects have, in fact, been detected using
TEM micrographs of the source/drain regions after the source/drain implant step.) The
boron is theorized to have a higher local solubility in the defective regions, and thus
will diffuse to them during the anneal steps performed after the source/drain implant.
Figure 5-19 shows the measured and calculated Vr versus L curves. The triangular data
points in this figure are calculated using a 2-D device simulator assuming a uniform
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lateral doping profile in the channel, and these show the conventional roll-off versus 7,
as described in section 5.2.1. The data points indicated by the squares and filled circleg
show the V- versus L values calculated using the same device simulator, but with
nonuniform lateral boron channel doping (see Fig. 5-20). The open-circle data points are
the experimental data.

The Vr roll-up is well predicted by this model, as is the enhanced Vr roll-off for
channel lengths sherter than about 0.3 gm. (This model also gives good agreement
with RSCE in PMOSFETs.) For MOSFETs in which L<0.3 um the center of the
channel is so small that the channel region depleted of boron extends across the entire
channel length (see, for example, case where L = 0.2 um in Fig. 5-20), and there is not
sufficient dopant present in this region to cause the peaks of the boron concentration at
the channel edges to rise to a degree that would offset the enhanced Vr decrease due to
the depletion effect.

The defects that give rise to the lateral dopant redistribution are observed to be
eventually extinguished by a higher temperature anneal step (e.g., 900°C in N, for 5
min}. Thus, it has been suggested that recrystallization of the defective regions using i
RTP could be carried out, such that the anneal would take place over a sufficiently short
time as not to permit lateral dopant redistribution to occur.?3 If this is possible
MOSFETs could be fabricated which would exhibit neither the V¢ roll-up nor enhanced
roll-off effects. Another suggestion to alleviate the enhanced roll-off effect is to use a
halo implant to increase the boren dopant concentration near the source and drain such
that the B depletion would be counteracted.?®
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Fig. 5-19 Measured and modeled Vo versus L curves, The conventional model results
assume laterally uniform channel deping. The new model results assume box approximations
for the lateral channel doping profile shown in Fig. 5-20. The boron depletion case assumes
that the bulk doping is depleted into the source and drain regions within 0.1 mm of their
edges.” (© 1993 IEEE).
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Fig. 5-20 Conceptual schematic of the lateral channel doping profile of the present model
for different channel lengths. The solid lines represent the case of no bulk depletion while
the dotted lines represent the case of bulk dr:pietion.95 (© 1993 IEEE).

5.2.3.3 Model Which Attributes RSCE to Transient Enhanced
Diffusion of Channel Dopanis to the Silicon Surface Arising from
Implant Damage. Another model that explains the occurrence of RSCE in
MOSFETs with uniformly doped channel regions was developed by Rafferty et al.?8 In
this model, it is proposed that the effect is associated with damage from the LDD
implant. That is, point defects (interstitials) are assumed to be created by the LDD
implant. They diffuse laterally into the channel region during the relatively low-
temperature step nsed to deposit the CVD interlevel dielectric layer (needed to create the
gate-sidewall spacers). As these point defects are primarily created at a depth
corresponding to the end-of-range damage, the interstitial concentration peak exists
beneath the surface. Thus, a retrograde profile of interstitials in the channel will arise.
Since the dopant diffusivity is proportional to the interstitial concentration, the
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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 dopan
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 iy
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 Interstitiai.:
Capture in the Gate Oxide. Jacobs et al. note that V¢ can also be shifted by a
change in fixed oxide charges Qf at the Si-Si0, interface.97 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 Vr 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 resuit is a position-dependent oxide charge distribution along the
5i-8i0; 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 Vgg is fixed while Vpg 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 Ipg; 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 Sy 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 Ip versus Vgs curves for MOSFETs, with Vg 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 S; 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 1EEE).

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 Ingt versus Vgs curves with Vg 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 to the maximum
applied Vps. In Fig. 5-21b 8, 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 channel length is decreased to roughly the sum of the two
junction depletion widihs, punchthrough is established. (Note that punchthrough may
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even exist in a short-channel device at Vpg = 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 L>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 #-channel MOSFETs. That is,
in submicron NMOSFETs a Vy-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 PMOSFETSs fabricated with n* polysilicon
gates the punchthrough problem occurs in & 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 elecirons
are collected by the drain, causing Ipg to increase. The component of Ing 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.

toe 200 & b et um tox 350 A f"““'#’i
N+ GATE +3V ) +4V
s \ Jpoyz3 Jo o]\ i Is |
(774 i 0.2 fimn

0.31 pem| wg
p-Si
2.5x 108em~3

p-si
7.5x1013¢m-3

| Vsugs-1v i Veug * -1V
tay Uniformly doped structure. (b} Implanted structure.

Fig. 5-22 (a) NMOSFET without Vp-adjust implant. (b) NMOSFET with Vp-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 Vr-adjust implant.
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Two-dimensional simulations of the potential in the channel regions of short
channel NMOSFETs with Vr-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 8i-810,
interface (generally at approximately the same depth as the source/drain junction depths).
Figures 5-23a, ¢, 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
1), 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 5-21¢
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, Vpg =
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 Ing 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 Vpy defined as the value of Vps at
which Ipgt reaches some specific magnitude (e.g., 1 nA/um) when Vgg = 0. The goal in
designing a MOSFET is to have Vpy exceed any pessible operating Vipg. Thus, Vpr is
measured when the device is in subthreshold, as will be discussed in upcoming
paragraphs. Note that Vpy can be roughly estimated by determining the value of Vg at
which the sum of the depletion widths Wy under the source and Wy, under the drain
(using the value of the doping concentration in the substrate as Ngyp) equals the channel
length L, or from the expression®

Vpr o Ngyp (L- 1j)° 5-1D

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 Ngyg is the
uniform bulk-substrate doping/cm? and N¢y, is the average doping/em? in the implanted
region of the channel (e.g., Dy/x¢). This approach, together with a single V--adjust
implant can produce appropriate thresheld 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 (c) 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 = I um. (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 4m nominally operated at 2.5V power supply (e.g., a
single 20 keV B* implant at ~9x10'! cm2), A similar process has also been applied to
1.25 pm CMOS devices using a 5V supply. Although some short-channel effects are
observed, Vi and Vpr voltages are reasonable. However, for devices with drawn gate
lengths of ~1 pm (Legr ~0.55 tim), a single V-/punchthrough implant cannot adequately
satisfy all requirements, especially if high resistivity (>10 Q-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 Ipg value in MOSFETs down
to 0.5 pim, while still maintaining a lower value of Nsyp (for reduced values of Cj).
However, precise control of the placement and dose of this implant within the channel
Tegion 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 ium
NMOSFETSs is a 70 keV B* implant at 6x10!! enr2,

A third techrique 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
PMOSFETs 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 ym, tgx = 15 nm, and operated at 3V has been
reported.?8 The junction depth rj and p-halo peak doping were ~0.14 pm 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 (ilt angle of
25-30° was used to implant the pocket depants after gate formation, so that the gate
structure acted as a self-aligned implant mask. Devices with channel lengths as small as
0.2 um that still exhibited long-channel subthreshold Vi behavior were fabricated.?”
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Fig. 5-24 {a) An implanted NMOS structure with three regions of different doping. Leve]l A
contains the dopant from the V- implant. Level B contains the dopant from the punchthrough
control implant, considered to be a Gaussian centered at a distance Ry from the gate, with a
straggle 6. 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 V¢ and punchthrough control implants -
as-implanted (dashed lines), and after anneal (solid line).'"3 (© 1982 IEEE).
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Fig. 5.25 (a) "Halo" NMOS structure.26 (© 1685 IEEE). (b) Vpgmax limited by avalanche
breakdown versus channel length for various peak halo doses.20 (@ 1985 IEEE). Process for

producing "halo™ NMOS structure using a Self-Aligned Pocket Implantation [SPI] technology
is shown.2” (© 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 Ipgt vs. Vgg 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 Vg applied (since the
slope of the log Ipg curves remain constant as Vpg is increased). The curves of Fig. 3-
21b however, indicate that punchthrough is setting in, with its onset marked by the
Vps-curve having a larger St value than that exhibited at small Vps. (Note that since
punchthrough current flows in parallel with ordinary Ipg, S; will noticeably increase
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Fig. 5-26 Simulated behavior of Ipgt versus Vgs for various channel lengths, rj = 0.33 um,
tox = 5004, Vpg = 2V, and Vpg = 0V.109 Reprinted with permission of Solid State Electronics.

once punchthrough current exceeds a small fraction of the long-channel Ipg value.)
Punchthrough voltage Vpy (as defined earlier) can also be extracted with this procedure
by continuing to increase Vps until the specified Ipg is reached at Vg =0.

One way to detect the onset of punchthrough in a family of devices with varying
channel lengths is to plot log Ipg vs. Vgg for a fixed Vg for the devices of different
channe! lengths on a single graph (Fig. 5-26). A second method is to measure St at a
fixed Vpg for devices with different channel lengths, and then to plot these values as
shown in Fig. 5-27. Here the impact of a punchthrough implant en S; versus channel
length is depicted. A third way is to measure I vs Vg at Vgg= 0, and to pick off the
Vps value when Ipg reaches the specified value (e.g., 0.1 gA/umj.

An example of the impact of a punchthrough implant (as well as the impact of
depth and dose) is shown in Fig. 5-28. Here a 1.2-uym MOSFET with a substrate
doping of 1.9x10'5 cm? (but without a punchthrough-stopping implant) shows a very
large S; value (and hence a large Ipg when Vgs =0V - curve A). The large Ipg at Vas
=0V indicates that the device is in punchthrough even when Vpg = 0V.28 Implants of
boron with a dose of 8x10'! atoms/cm? and different energies are then performed in an
attempt to produce a Vo and an S; equal to the values exhibited by a long-channel (7.8
um) device (curve B). If the punchthrough implant is too shallow, it has the effect of
increasing the Vof the device to well beyond the desired value (curve C). When the
energy is increased so that the implant is sufficiently deep, S¢drops to a value
comparable to that exhibited by the long-channel device (curves D and E}. At the same
time, the surface concentration remains essentially unchanged, so that Vy is not
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Fig. 5-27 Subthreshold slope versus electrical channel length for NMOS devices Vo=
0.7V, having a common threshold adjustment implant and punchthrough implant doses of:
{a) zero; (b) 2x10! em'%; () 3x10!! cm2.2% Reprinted with permission of Semiconductor
International.

appreciably shifted, Note, however, that S¢ in the punchthrough implanted device is
somewhat larger than that of the long-channel device,

In another example, the S of a device without a punchthrough-prevention implant is
measured as its length is varied (Fig. 5-27).2° At an Legr of ~0.85 um the S, starts to
increase, indicating that punchthrough current begins to dominate Ing. By adding an
implant that places boron atoms in subsurface region below the Vr-adjust implant, the
punchthrough component of Ipge is suppressed so that it is not observed until Lags
becomes nearly as small as 0.5 gim. Again, the price of an increased punchthrough
implant dose is an increase in §;. This tradeoff is discussed in more detail in the section
on device scaling based on Iyfr (that is, on Ipg at Vg =00,

5.3.2 Modeling Punchthrough

As discussed in the previous sections, punchthrough behavior can be measured in a
number of ways, including measurements which determine Vpy, It is also often
convenient to use punchthrough voltage (Vpy) as a device parameter during the tasks of
device scaling and device design. Unfortunately, the amount of drain current used to
define Vpr is not universally standardized. Depending on the particular circuit
application, this current level may vary from 1 pA for a DRAM to 1 nA for a static
logic circuit. As a result, it would instead be useful (o be able to predict the actual
value of subthreshold surface-DIBL or punchthrough current in a MOSFET from the
design parameters of the device prior to its fabrication. This, in fact, can be
accomplished by using a 2-D device simulator which numerically solves both the
Poisson equation and the carrier continuity equations to find @, n, and p, and then uses
these values to calculate the currents using the drift-diffusion current equations, Such an
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entirely numerical approach, however, does not offer quantitative insight into the
phenomenon of punchthrough, nor does it provide any information on trends in the
device behavior as the terminal voltages are varied. However, a popular, hybrid approach
that first employs a numerical method to calculate @ and then uses this sclution in an
analytical expression to calculate Ipg; {instead of first solving the carrier continuity
equations} has been implemented. This technique has been widely adopted for analyzing
subthreshold behavior in MOSFETs because it offers some insight into the device
physics, gives accurate results (provided its use is restricted to low-current operating
conditions), offers a very computationally efficient approach to device analysis, and can
handle both surface-DIBL and subsurface-DIBL (punchthrough) effects in MOSFETSs,
This method uses the numerical techniques deseribed in chap. 2 (with the aid of a
computer and a 2-D Poisson solver software program), to find the solution of the 2-D
Poisson equation. The electrostatic potential found in this manner is used in an
analytical expression to calculate the value of Ipg. That is, the value of the electrostatic
poteatial at its minimum point, together with its variation in the vicinity of this
minimum point, is used in the calculation of Ipg, as described below. This technique
was implemented in the device simulation program called GEMINI. The program has
been used to analyze many aspects of MOSFET IC behavior including many of the
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Fig. 5-28 Drain current versus gate voltage for n-channel devices with a substrate doping
of 1.9x10!5 atoms/cm?, source/drain junctions are 0.47 um deep, tox = 575A, and Vpg = 5V,
and Vgg = OV. Devices A and B have no channel implant, and devices C and E have a boron

channel implant of 8x10!! atoms/cm? at various energies.?® (@ 1978 IEEE).
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topics discussed in this chapter and elsewhere in the book.2374114115,116
The analytical expression for Ing; used in this approach is

% 2
i E2 -gVi
Ingt =-q Dp 2 expT D% v { 1 - exp (408 5.1
st n L% Na P[kT(P ]{ p( KT )} ( 8a)

Note that this equation has the same basic form as the general expression derived for
Ingt in long-channel MOSFETS in chap. 4 (i.e. Big. 4-89). When Vpg20.1V (the only
operating condition of practical interest), Eq. 5-18a reduces to the following expression,
which now has a form similar to that of Eq. 4-90 (but with some important differences):

* p2 "
Ingt =- g D Z 42 exp[-Lig*- V9] (5 - 18b)
1* Na kT

That is, in Eq. 5-18, ¢* is the value of the potential at the point P between the source
and drain where it has its minimum value (i.e., along the surface when surface-DIBL
dominates Ipg, or at the saddlepoint in the bulk region when subsurface-DIBL
[punchthrough} dominates Ing), and Vg is the source potential. At P the lateral electric
field (i.e., the direction of the field along the direction of current flow) becomes zero, -
and any current at that point must thus be due entirely to carrier diffusion. PointPis
taken as the origin of a coordinate system (r,8) with the r axis oriented along the current -
path and the 6 axis oriented in the orthogonal direction at P (see Fig. 5-29). The
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Fig. 5-29 Cross-section of a MOSFET with a bulk current path showing the two axes (r and .
8) used to calculate the current. The points defining the approximate effective length L* and

effective thickness t* are shown.? (© 1980 IEEE).
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electrostatic potential @* at P corresponds to a potential minimum along the r axis and
to a potential maximum along the @ axis. The value of ¢* used in Eq. 5-18b is
determined by numerically sclving the 2-D form of the Poisson equation in the device
region. The functional variation of the electrostatic potential at some point (r,8) in the
vicinity of point P with respect to the value @* is i (r,8). Hence, the electrostatic
potential at point (r,8) can be written as @(r,0) = ¢* + h {r.,9).

In addition, the inversion layer thickness tjny used in Eq. 4-90, is replaced in Eq.
5-18 by t*, and the channel length L with L*. These two terms represent, respectively,
the effective length and effective thickness of the electron path near the point P, which
controls the current transport. Note that when Eq. 5-18 is used to mode! surface-DIBL,
the values of t* and L* are the same as in Hq. 4-90 (i.e., t* and L* in Eq. 5-18 in this
case becoms tipy and L). Hence, the only difference between 5-18 when it is modeling
surface-DIBL-induced Ipg and Eq. 4-90 is the use of ¢* instead of @gyrr (Which was
calculated using the analytical solution of the 1-D form of the Poisson equation).

On the other hand, when Eq, 5-18b is used to model punchthrough, t* and L* take
on somewhat different meanings. Although the detailed derivations of their expressions
is given in ref. 2, as shown in Figs. 5-29a and b, L* is the distance along the r axis
between points A and B where © = ¢* + nkT/4q, and t* is the distance along the 8 axis
between C and D where ¢ = ¢* - nkT/4g. The functional variation of ¢ about point P
found from the 2-D solution of the Poisson equation is used calculate t* and L%

Results obtained with this approach have been compared to solutions found from
solving the carrier continuity equations as well as the Poisson equation, and with
experimental data. Generally, good agreement has been found, if the operational limits
of the approach are respected %1%

5.3.3 Modeling the Simultaneous Occurrence of
Surface-DIBL and Subsurface-DIBL

As a final note, we should recognize that up to now surface-DIBL and subsurface-
punchthrough effects have been treated as separate, unconnected phenomena. However,
when a device exhibits severe short-channel behavior, both phenomena are likely to be
occurring simultaneously (see, for example, Figs. 5-23e & f), and the effects may be
coupled. It may not even be possible to distinguish which one is dominant, either from
a model or from measurements. In fact, the concepts of Vy and AVrge break down in
devices that exhibit severe DIBL (surface and/or subsurface), because the log Ip vs. Vg
plots depend sensitively on the value of Vpg. That, is if a Vi is defined as the Vgg at
which a specific Iy flows, in severe short-channel-effect devices this will not be a unique
value because the same specified current will be obtained at different gate voltages if
Vps is changed. It is for this reason that & major goal of submicron MOSFET design is
to produce devices without severe subthreshold short-channel behavior, and instead
exhibit subthreshold behavior comparable to that of fong-channel MOSFETs.
Nevertheless, it would still be highly useful to predict the degree to which each of
these effects is occurring in a MOSFET, because each surface and bulk mechanism
needs a different strategy for its suppression. Cne paper by Skotnicki et al. offers an
analytical model that allows both surface and bulk punchthrough currents to be calcu-
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Fig. 5-30 Measured (solid line) and analytically calculated (dashed lines) Ipg; versus Vgg
characteristics at Vpg = OV and various Vpg values for a series of MOSFETs with electrical
channel lengths from 0.8 to 2.3 um. The parameters in the VDT calculations are r; = 0.27
m, tox = 280A, and Z = 50 pm, 3¢ (® 1988 IEEE).

lated simultaneously.3® The same voltage-doping transformation (VDT) method
introduced in ref. 9 is used to reduce the 2-D Poisson equation to a 1-D form, Using the
VDT-method, the actual barrier heights at the surface and in the bulk can be calculated
as a function of the applied voltages and channel length using the long-channel
expressions where the doping concentrations in the channel Np, and Ngyp are replaced
by reduced values Ngp"* and Nsun*- With the barrier heights known, the surface and
bulk punchthrough currents can be determined, (This model is also valid in MOSFETs
with non-uniformly doped channels.) Results reported show that good agreement with
measured subthreshold currents is obtained for devices with gate lengths as small as 0. 8
m and with Vg as large as 5.5V (see Fig. 5-30).
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5.4 SHORT-CHANNEL EFFECTS ON THE I-V
CHARACTERISTICS OF MOSFETS OPERATED
IN THE STRONG INVERSION REGIME

Short-channel effects significantly alter the dc In-Vpg characteristics of long-channel
MOSFETs being operated in strong inversion in three ways. First, the combined
effects of reduced gate length and gate width produce a change in V1. Second, the
mobility of the carriers in the channel is reduced by two effects, which in turn reduces
Ip. These two effects are the mobility-degradation factor (due to the gate field), and the
velocity-saturation factor (due to the lateral [channel] field). Third, the channel length is
modulated by the drain voltage when the device is in saturation (i.e., when Vg >[Veg -
V), causing an increase in Ipgy with increasing Vg (channel-modulation effect).
Figure 5-31 shows the 1I-V characteristics of an MOS device.?! The curves in Fig.
5-31a are those of an ideal long-channel MOS device, while those in Fig. 5-31b show
the effect of adding the channel modulation factor. Figure 5-31c shows the effect of
adding the velocity saturation factor to the curves of Fig. 5-31b.

Here we describe some relatively simple models which allow an analytical de model
of the In-Vpg characteristics of short-channel MOSFETS to be obtained. These analytical
models allow circuit designers to estimate such dc parameters as Ip and gy, for various
bias conditions using only hand calculations. They also allow an intuitive understanding
of the short-channel electrical behavior to be developed, making such models useful for

»
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Fig. 5-31 The I-V curves of an MOS device showing the effects of progressively increasing
short-channel behavior on the operation of the device in inversion. (a) Long-channel beha-
vior; (b) with channel-length modulation; (c) addition of velocity saturation.3! (® 1986 IEEE).
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device designers and process engineers who need to relate device and process parameters
to circuit parameters. Finally, they allow Ip to be calculated merely {rom a knowledge
of device width Z, channel length L, the device threshold voltage Vr, the gate oxide
thickness tox, the source/drain junction depth 1j, and with (Vs - Vi) as the independent
terminal voltage parameter. On the other hand, to use the elaborate models provided in
circuit simulators (such as BSIM the short-channel MOSFET model in SPICE, see the
next section), it is necessary to determine a large number of model parameters. These
model parameters must be derived from device measurements, often with the help of
automated parameter extraction tools.

5.4.1 Impact of the MOSFET Electric Fields on Mobility

In deriving the long-channel dc MOSFET models (chap. 4) we assumed that the channe]
mobility was constant as a function of position along the channel. We also ignored any
effect on the mobility due to the transverse and longitudinal electric fields acting on the
carriers. In fact, both the gate-induced electric field (i.e., also called the vertical, normai,
or transverse electric field), and the drain-induced electric field (i.e., referred to also as
either the lateral, horizontal, or longitudinal electric field) influence the velocity of the
moving carriers in the inversion layer of the channel. Since each effect can be modeled
separately, this is done first. Later we show how both effects can be incorporated into
the MOSFET models, allowing their impact on the In-Vpg curves to be calculated,
Before discussing how these electric fields alter the velocity of channel carriers, let us
briefly review the concept of carrier mobility in a semiconductor.

The electron and hole mobilities (44, and Lp, respectively), are a measure of the ease
of carrier motion in a semiconductor crystal. In the semiconductor bulk (i.e., at 2 point
far away from the semiconductor surface), the carrier mobilities are typically determined
by the amount of lattice scattering and ionized impurity scattering taking place inside
the material. For a given temperature and semiconductor doping, these bulk mobilities
are weli-defined and documented material constants. (In lightly doped silicon at 300K,
Hp and Up are ~1350 em?V sec and ~500 cm™V sec, respectively.)

Carrier transport in the MOSFET, however, primarily occurs in the surface
inversion layer. The lateral electric field due to Vpg acts to accelerate the carriers
parallel to the Si-SiQ, interface, whereupon they suffer scattering much as in the bulk.
The transverse field, however, also causes the carriers to be accelerated toward the Si-
Si0» surface. Thus, the carriers near the surface experience additional motion-impeding
collisions with the silicon surface (see Fig. 5-32). As a result, the carrier mobilities at
the surface are observed to be lower than in the bulk. (In the substrate doping range Ny,
Np<10Y emr3, the mobilities of electrons and holes in the inversion layer at Vgg = Vr
are Ly ~670 cmV sec and iy ~160 cm¥V sec, respectively.) The surface-scattering
mechanisms include phonons, coulombic scattering sites, and surface roughness (see
chap. 7). For a good quality Si-SiQ; interface in strong inversion, phonon scattering is -
generally accepted to be the dominant scattering mechanism.

At low electric fields, the drift velocity of carriers in the bulk of a semiconductor is
proportional to the electric field. The mobility is the proportionality constant in the
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Fig. 5-32 Visuatization of surface scattering at the 8i-Si0Q; interface,!!? Reprinted with
permission of the American Physical Society.

equation which relates the drift-velocity to the electric field (at low €-field values).
However, experimental data indicate that if the electric fields get too large (i.e., >~3x10?
V/em in the bulk), the drift velocity no longer increases linearly with increasing field,
In fact, at sufficiently high fields, the drift velocities approach a saturation velocity
(~107 cm/sec for electrons in bulk Si).

Electrons and holes drifting in the channel also reach a saturation velocity if the
lateral electric fields are high enough. In fact, in MOSFETs operating in the saturation
regime, carriers moving in the pinched off region of the channel travel at this saturation
velocity. The surface saturation velocity of electrons is estimated to be between 6x108
to 1x107 em/sec, while that of holes is between 4-t0-8x10% cm/sec.3? These saturation
velocities also appear to be relatively independent of the gate (transverse) field. In the
next sections we discuss the quantitative models of both mobility degradation due to
gate-induced field and the velocity-lateral field relationship (velocity saturation).

5.4.1.1 Models of Mobility Degradation Due to Gate-Induced
Electric Fields. As the gate bias is increased, more carriers are drawn closer to the
oxide-semiconductor interface. In addition, the stronger transverse (vertical) electric field
acts on these carriers. This combination of effects is thought to enhance the phonon
scatiering of the carriers near the surface, which thereby lowers the average carrier
mobility. According to Eq. 4-65 when Vpg is small, i.e., Vpg<<(Vgs - V), we can
determine the mobility of the electrons in the MOSFET channel by measuring the slope
of the In-Vpg characteristic at fixed Vg . When this is done, a reduction in the mobility
of carriers near the surface is observed (compared to that in the bulk). Not only is the
surface electron mobility under low lateral electric fields (1,,0) found to be only one-half
to two-thirds that of the low-field bulk electron mobility, but y, is also observed to
decrease as the transverse field is increased,

An early, widely used empirical model introduced by Crawford for calculating the
degree of degradation due to the transverse field (i.e., yielding an effective mobility tefp)
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is?d
Hetf = Ho /[1+ 6 E] (5-18)
= o/ [1 + 6 Cox (Vgs - V1) / Ksi€o] (5-19)

where llg i8 Ling for electrons and 1, for holes, €y is the transverse field in the silicon
at the Si-Si0, interface, and #is an empirical parameter found to be technologically and
substrate-bias dependent. While it is difficult to assign a coherent physical interpretation
to 6, it's value has been empirically determined to be 107-108cm/V.

To improve the agreement between calculated and experimental values, an aiternative
empirical expression to that of Eq. 5-18 for the effective mobility was proposed,
namely3*

Heff = to (Ecrit/ Eer) VEXP (5 - 20y

where Egrjt and UBXP are empirically determined constants, This expression was used
together with the results of Sabnis and Clemens,33 who showed in 1978 that the
channel carrier mobility on the (100} surface of silicon is a unique function of the
effective transverse field, Eqpr (Which is defined as the field averaged over the electron
distribution in the inversion layer). The expression of Sabnis and Clemens for Eqpr is
given by

Eefr = [Qu + (QF2} ]/ Ksigo (5-21)

Equation 5-21 can be understood as follows: The electric field at the S5i-Si0, interface
Esi (x = 0) can be written in terms of the total charge per unit area in the Si

Esi(x=0) = Qc/xsigp  (Eq.3-17) (5-22)

If an inversion layer exists, Qc = Qp + Q. If no inversion layer exists, Q¢ = Qp.
Thus, E4(x = 0) = (Qp + Q¥/Ksi€o and Egja (x = 0) = Qg /Ksi€o when an inversion
layer is present, or not, respectively. Also, if an inversion layer exists, the electric field
at the boundary of the inversion layer x; and the depletion region is the same as at x =0
if no inversion layer exists, or € (x = x;) = Qp /Xgj€g. Thus, the effective transverse
electric field within the channel can be approximated as the average of €g;,{x = 0) and
€ (x=x3), 0r

Eeff = [Esit(x =0) + Egi (x = x})] 22 (5-23)
If we express Eq. 5-23 in terms of Qpand Qg we get

€eff = [Qp+Q +Qpl/2Kg8p = [Qp + (QU2) ] /Ksi€g (5-24)

Eq. 5-24 can be approximated as
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Eefr = Cox [Vgs - Vrl/ (2Ksi€o) (5-25)
Then, if Eq. 5-25 is substituted into Eq. 5-20 the following expression is obtained
Heff = Ho { Ksi€olerit / (Cox (Vg - Vq)JVEXP (5-26)

where Ugriy is 2E¢s4r. Equation 5-26 is the model used to calculate fesr in the Level-2
MOSFET model in SPICE.*

In 1986 Liang et al’® developed a modified form of the model of Bq. 5-26 for tesf
also based on the concept of Eepr. Their equation has the form:

Ueff = to /{1 +(EefEerit]V } (5-27)

where E¢¢ and v are empirically determined constants. Values for these parameters are
shown in Table 5-2. Universal curves for fafp for electrons and holes at room
temperature as a function of Eqr calculated vsing Eq. 5-27 are shown in Fig. 5-33.

Eq. 5-27 can also be expressed in a more useful form that explicitly relates Eqfr to
the device parameters and terminal voltages:

Eeff = [(Vgs - Vil 6tox] + [(V1 + Va)f 3tgx] (5-28

where it has been semi-empirically determined that V; = 0.5V in typical ¥+ polysilicon
gate MOSFETs {e.g., for NMOS and PMOS devices in an n* polysilicon gate CMOS
technology with Vo, = 0.7V and Vi, = -0.7V).?" Note that in this equation it is
assumed that Q; = Cpx (Vgg - V7). Since this assumption overestimates Q; at low

{Vgs - V)8 the Eqpr according to Eq. 5-28 would be higher than its actual value.
But, the error is small for (Vgg - Vp)>1V.

Using Eq. 5-27 and the parameter values in Table 5-2, the carrier mobilities for
NMOS and PMOS devices are plotted in Fig. 5-34 for several gate oxide thicknesses ag
a function of (Vgg - Vr). These curves are useful for rough estimates of device
performance or as first-order calibrators in process monitoring and control. A theoretical
explanation of the electron and hole mobility dependencies on the transverse electric
field has been developed by Lee et al.®®

5.4.1.2 Models of the Carrier-Velocity Dependence on Drain
Electric Field (Velocity Saturation). As we noted earlier, the carrier
velocities (v) near the Si-Si0, interface tend to saturate at high lateral electric fields, in
a manner qualitatively similar to velocity saturation in the bulk. There have been

* In the Level-1 MOSFET model, however, the effective electron mobility is not explicitly
expressed in terms of the field, but is treated as a fixed value.
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Table §-2. Parameters for the Effective Mobility Models for Electrons
and Holes3%

Electron Hole Hole
(surface) (surface) (buried channel)
Hg (em¥ V sec) 670 160 290
€, (MV/icm) 0.67 0.7 0.35
v 1.6 1 1

several empirical models developed to describe the dependence of the carrier velocity on
lateral field (v_gy).40.41.42 Two of the most widely used are

Model 1 Vo= lUefr € /{1 4+ (€ /Egan)® YL/ (5-29

where Egq; and o are empirically determined parameters (i.e., o = 2 for electrons and

0<2 for holes). In Model II, the o term in Model I is taken to be unity, allowing Eq,
5-29 to become 550
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Fig. 5-33 Measured universal pHepf versus Epff curves for electrons and holes in the
inversion layer.38 (© 1986 IEEE).
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Fig. 5-34 Calculated pefr of current carrier versus (Vgg - V) for three different values of
tox: (@) NMOS device and (b) PMOS devices. The "buried-channel” parameters in Table 5-2
are used for PMOS. (From 3¢ © 1986 IEEE) and*® © 1988 IEEE).

Model 11 v = Uetf € /{1 + (E/€sa0)) (5 - 30)

A comparison of these two models with experimental data for electrons is shown in
Fig. 5-35.% Tt is seen that Model I fits the measured data quite well, while Model II
significantly underestimates the velocity at moderate fields (the same value of saturaticn
velocity is used in both models plotted in Fig. 5-35). On this basis Model I would be
preferred for estimating v. However, if Model I was inserted intc an expression to
calculate I, a solution could only be obtained by carrying out a prohibitively complex
calculation.* Thus, to improve the accuracy of the carrier velocity model without
incurring the complexity of Model I, a third, simpler, two-region piecewise model can
be used. This model is defined by

Model 11T v o= tefr€ /{1 +(E/€s)) € <Egm (5-31a)
= Vsat € > &gy (5-31b)
Dell Ex. 1008C
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By using this model in the expression which calculates I, a closed-form solution of the
Ip-Vps characteristics of the MOSFET is obtained. In addition, the carrier velocity-
saturates at Egar. Esar can be expressed in terms of vy and Lierr by matching the
carrier velocities given by Egs. 5-31a and 5-31b at € = €. Therefore,

Vsat = Heff Esat / [1 + (Esar /Esap)] (5-32)
or

Egat = 2 vgar ! Heff. (5-33)
This model is also plotted in Fig, 5-335 over a wide range of electric fields. Note that i
slightly overestimates the carrier velocity near Egar.

5.4.2 A Simple, Analytic DC Circuit Model of the
Short-Channel MOSFET in Strong Inversion

Now that we have described the influence of the transverse and lateral fields on the:
velocity of the channel carriers, we can use the medels of these effects to modify the de -
circuit models of the MOSFET operating beyond threshold. In this way we develop a
simple analytical de circuit model that is valid for short-channel MOSFETs beyond
threshold, and which can be used for first-order, hand calculations of In-Vig and gy, for
devices with channel lengths down to ~1 £im, 4346

108 T T T T T T v T T T T
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Fig. 5-35 Comparison of velocity-ficld models: models A and B as given in Egs. 5-29 and .
5-30, respectively. The piecewise model is given in Eq. 5-31, and g = 710 em2/V-sec, vgat
= 1x107 cm/sec.?® Reprinted with permission of Solid State Electronics.
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We first note that the factors resulting from both mobility degradation due to
rransverse fields and velocity saturation effects are outside of the integral in the
equations used to calculate I, (see Eqs. 4-16 and 4-19). Hence, they merely serve as
multiplicative factors if incorperated into any of the long-channel de models described in
chap. 4. This means that any one of the long-channel models could be used to
demonstrate the impact of these mobility effects the Ip-Vpg characteristics. Here, for
mathematical simplicity, we elect to use the square-law model of section 4.5.5 for this
purpose. To complete the dc short-channel MOSFET model, however, we will later still
need to add some discussion of the short-channe! effects that occur when the MOSFET
is operated in saturation (.., the effects of channel-length modulation).

5.4.2.1 DC Circuit Model of the Short-Channel MOSFET in the
Linear Regime. As noted above, all of the long-channel MOSFET dc model
equations can be modified in the same manner to take into account both effects described
above. For simplicity, the square-law long-channel model is chosen to be modified. In
the linear-region, the modified (i.e., short-channel) version of dc Ip-Vpg equation of the
square-faw model (Eq. 4-68) is

Legr Cxc 2

2
In = ———L[(Vas- Vr)Vps- Y05 (5 -34)
(1 +-YDs ) 2
Esarl-

Taking the ratio of the two currents given by Egs. 5-22 and 4-68, we get

Iy (5-34)/1p (4-68) = ( efr/ i ) [1/{1 + (Yps /€eal) }] (5-35)

Note that since Ega¢ and L appear as a product term in both Eqs. 5-22 and 5-23, a
MOSFET is "long-channel-like" if either Egy; or L is large. Therefore, a MOSFET
with a thinner gate oxide is more "long-channel-like" because the thinner oxide will
produce a larger transverse field, making the carrier mobility lower so that £, is high.

The saturation drain voltage Vpgsar can next be calculated by equating the current at
the drain to the current given by Eq. 5-34 when Vpg = Vpgear. The current at the drain
is given by the product of the carrier density and the drift velocity. The charge density
at the drain, assuming that the GCA is still valid, is ZQ; = Cox(Vgs - V1 - Vpgsat) and
the drift velocity is vgar. Therefore the current is

Ip = Zvsar Cox [Vos - V1 - Vpssall (5 - 36a)
=—Z—[Vas - V1 - (Vossa2)] Vossar | ———L——~ ]  (5-36b)
L plorr Cox [ 1 +(Vps/Egy L) ]

After some algebra, an expression for Vpggat is obtained
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Fig. 5-36 Measured and calculated [-V characteristics for a (a) NMOS device and (b) a PMOS
device.46 (© 1988 IEEE).

Eearl [Vas- V1
(Vos- V1) + Egyil
where Eggt is the critical field for velocity saturation {(~4x10? V/cm).

The saturation drain current can be determined by substituting Eq. 5-37 into Eq.
5-36a to get

Vpssat = 5-37

[Vgs- VaI*
(Ves- V1) + Egql

Ipsat = 2 Veat Cox (5 - 38)

The small-signal saturation transconductance gmgq; can be found by differentiating Eq.
5-36a with respect to Vgg:

gmsat = Zvsat Cox [1 - (dVpssar / dVgs )] (5-39

Equations 5-36, 5-38, and 5-39 form the core equations of this simple model for
calculating the dc drain characteristics for short-channel MOSFETs. Some modeling
results using these equations are shown in Figs. 5-36a and b.%¢ (Note that the I, values
for Vps > Vpggat in these curves are calculated using a saturation region model to be
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described in the next section.) Good agreement with measured data is seen in these
figures, and other work has shown good agreement for devices with channel lengths as
small as 0.2 um.*’ For example, agreement between calculated and measured values of
gm is betler than +6 percent over most of the gate voltage range for channel lengths
from 3 ym down to 1 ym.

Equation 5-37 indicates that as the channel length is decreased, the channel field at
the drain end will reach Egy¢ at a lower value of Vpg. Thus, Vpggar is predicted to
decrease with decreasing L as well. When the gate oxide thickness is made smaller, Ueff
decreases because Eqgr is larger (see Eq. 5-27). Consequently, Egy; will increase, and so
will Vpgsat- MOSFETs with thin gate oxides thus appear more "long-channel-like," as
was discussed earlier.

The short-channel dc model of the MOSFET given by Eq. 5-36 also predicts four
effects that impact the value of Ipgy in short-channel devices not addressed by the long-
channel dc models. First, mobility degradation reduces Ipgat in shert-channel devices by
a factor (Ueff /Hg). Since the effective mobility decreases as Vg increases, this indicates
that Ipsar can be significantly reduced for large gate voltages. Second, Ipggt is also
reduced by velocity saturation effects - to a value equivalent to the one predicted by the
long-channel models (which assume a constant value of mobility, e.g., 4-68), except
that the channel length appears longer than L by the factor Vpg/€gat.

Third, Eq. 5-36 indicates that if the product €g,L is large compared t0 (Vgg - Vo),
then Ingy varies quadratically with (Vs - V). On the other hand, if (Vgg - Vp)>>Egql
then Ipsat becomes linearly proportional to (Vgs - V1), Since one of the criteria in
Table 5-1 for long-channel behavior is that Ingy o= (Vs - V192, long-channel behavior
will be exhibited by devices in which either L or Egp is large. On the other hand, if L
or €y are both small, such that €g,lL <<(Vgs - V), the saturation regime behavior of
the MOSFET will be "short-channel-like." Note that even a very short-channel device
will exhibit some long-channel behavior if (Vgg - V1) is small enough. The drain
current under this situation is given by

Ipsat = [Heff Z Cox /2 L] (Vgg - Vp)?  if Egall >> (Vgs - Vo) (5 - 40)

In shorter channel MOSFETs there is an observable irend toward a linear variation of
Ipsat with (Vg - V) instead of the quadratic dependence, as is predicted without
velocity saturation. This behavior is illustrated in Fig. 5-37a.

The fourth effect predicted by Eq. 5-36 (as noted in the introduction of this chapter)
is observed in the limit of very strong velocity saturation (i.e., when the channel length
is very short, such that Vpggat approaches zero). In such cases, Eq. 5-36 indicates that
the drain current is independent of L, and Ipggg is given by

Ipsat = [vsat Z Cox) (Vgs - V1) (5-41a)

Under this condition, even the carriers at the source [whose density is given by
Cox(Vgs - V)] are velocity saturated.
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However, Ipsae of a device with practical geometries is always lower than the :

maximum predicted by Eq. 5-41b. As a result, an ideality factor K has been defined as 4
useful figure of merit which indicates how close Ingy in a real device comes to that ip

an ideal device. This factor is inserted in Eq. 5-41b to yield
Ingar = K [vsat Z Cox] (Vgs - V) where K <1 (5 - 41b) '_

Then if we compare Egs. 5-36 and 5-41b, we obtain a definition of as .
K = (Vgs- V- Vpssa)(Vgs - V) (5- 4lc).

This factor is a very handy parameter for device performance evaluation. That is, if an |
NMOS device with tox = 60 nm and L = 1 pm saturates at a Vpg of 1.3V when
(Vgs - V1) = 4.3, the value of K is (4.3 - 1.3)/4.3 = 0.72. This implies that shrinking
the device would improve its driving current by no more than 30%. The K factor given
by Eq. 5-41¢ is plotted against L for two different oxide thicknesses in Fig. 5-37¢c. The

Vgg =5V
ip p
b)
a) 4V Vgs =SV
0 Yos
1O
E R
gm
= 05—
x -
oy I T
) 1 1 1 1 | t 1 1
0 ] 2 Leff (pm)

Fig. 5-37 Device characteristics (a) in the absence and (b} in the presence of velocity
saturation effects. From Y.P Tsividis, Operation and Modeling of the MOS Transistor,
McGraw-Hill, New York, 1987, p. 180. Reprinted with permission. {¢) The calculated drain
current ideality factor Ky versus L for different gate-oxide thicknesses, Solid lines: toyx =

250A; dotted lines tyy = 100A.% (© 1988 IEEE).
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K of the thicker oxide device saturates at longer channel lengths. As a result, decreasing
the channel length of a thick oxide MOSFET cannot significantly improve the current
drive. On the other hand, as L becomes very short (e.g., of the order of 0.25 um), K
approaches unity independent of tyx. Thus, Ingat becomes proportional to Cgyx. Since,
in MOSFETs with very short channels, Ipgy; becomes independent of channel length,
the chief means of increasing Ipgar will be to make tox as thin as possible (i.e., the
device driving current will increase linearly with Cey). Data and numerical simulation
results support this argument.

" As a last comment, note that because the value of vgy; for electrons and holes is
comparable, n-channel and p-channel MOSFETs tend to perform similarly under
velocity saturation, other things being equal. This is not the case under normal
operation. That is, because Iy, is proportional to fi, in normal operation, and in this
case the value of ug for holes in p-channel devices is one-half to cne-fourth the
corresponding value of [, for n-channel devices.

5.4.2.2 Effects of Scaling on gmsat. From Eg. 5-39 the maximum available
value of gmsat for a given tyy is given by

8msat = ZVvsat Cox (5-42)

This is the ultimate relationship for very-short-channel MOSFETs. However, the gmsat
of a device with practical geometries with finite channel length is always lower than
this maximum. In general,

gmsat = Kgm Z Vsat cOx, where Kgm<l (5 - 43)
Compared to Eq. 5-39, K can be written as
Kem = [1 ~ (dVpgsar/ IVas )l (5 -44)

It is observed that gygat of a short-channel device often peaks at some moderate gate
bias, beyond which it appears to either remain flat or sometimes decrease slightly, as
shown in Fig. 5-38. This is a consequence of the term dVpgsa/dVgs in Eq. 5-44,

which becomes almost constant beyond a gate bias roughly equal to E5gL.

5.4.2.3 Comparing the Values of Ip Calculated with the Long- and
Short-Channe! MOSFET Moedels as a Function of Channel
Length. The values of Ipgy as the channel length is reduced from 5 pm to 0.3 pm as
caleulated both by the charge-control dc circuit model of the long-channel MOSFET
(Eq. 4-68), and the short channel dc circuit model (Eq. 5-38, whose basis is also the
charge-control model) are given in Table 5-3. We observe that Eq. 4-68 predicts larger
values of Ipga; than those calculated with Eq. 5-38 (and these in turn are much closer to
the measured values). This reiterates the importance of choosing the correct device
model when performing technology scaling studies.
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Table 5-3 Comparison of Prive Current Values versus Gate Length with
the Long-Channel {(Eq.4-68) and Short-Channel MOSFET Models.

Technology/Gate Length {fim) 5 3 2 1 0.5 0.3
Gate Oxide (nm) 100 60 40 20 12.5 7.5
Calacutated Ingg @ Vgg =35V 1 2.61 6.25 20 99.3 206
Long-channel Model ({A/im)

Calaculated Ipg,, @VGS=5V 1 2.18 4.12 10.5 19.9 30

Short-Channel Model (iA/gm)
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Fig. 5-38 Measured and calculated g vs (Vgg - V) @ Vps = 5V for (a) NMOS; & (b) PMOS
devices withL =3 pum (A& DY L =2 um (B & E);and L=1 um (D & F).%6 (© 1988 IEEE).

5.4.3 Modeling the Saturation Region of Operation in
Short-Channel MOSFETs

For drain voltages in excess of the pinch-off voltage (Vpggat) the gate-to-drain voltage
drops below the voltage value needed to establish an inversion layer (i.e., it becomes
smaller than the threshold voltage). Hence, long-channel MOSFET theory implies that
the inversion layer no longer exists in this case, and that there are no longer any mobile
carriers present in the channel at such locations. The portion of the channel extending
back from the drain over which the inversion layer is extinguished is called the pinched-
off region. The length of the pinched off region is AL, and its length increases as Vpg
grows beyond Vpggar (see Fig. 5-39). In addition, in saturation most of the drain
voltage in excess of Vpggy is dropped across this region. From a modeling perspective
this makes it appear as if the normal channel length (in which the GCA is still
applicable, and in which mobile charges still exist) is growing shorter. The apparent
shrinkage in channel length from this effect is known as channel-length modulation.
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Fig. 5-39 Visualization of the velocity saturation region in a MOSFET, having a length AL.

In long-channel MOSFETs the length of the pinched-off region is much smaller
than the original channel length (i.e. AL<<L), even at large values of Vpg. Thus, Ip
remains approximately constant for drain voltages in excess of Vpgga. In short-channel
MOSFETs, however, AL can be comparable to L. Thus, the same voltage drop (Vpgsar)
will appear across a substantially shorter channel (L - AL). Hence, when Vpg>Vpsgat in
short-channel MOSFETSs, I can increase significantly with increasing Vpg (as is seen
in Fig. 5-31b). Since Ipga is proportional to 1/L, the equation of drain current I in
saturation has the general form of

Ip (Vo>Vpssat) = Ipsat [L /(L - AL)] (5-45)

To be able to predict the increase in I in short-channel MOSFETS, the value of AL
as a function of the terminal voltages is needed. The most general approach to calculate
AL, however, is to simultaneously solve the current transport equation (Eq. 1-4), and
the two-dimensional form of the Poisson equation (Eq. 1-3) in the pinch-off region.
Unfortunately, this general approach requires numerical solution of these equations,
using such 2-D device simulators as MINIMOS or PISCES (see chaps. 1 and 2). To
obtain an analytical expression for AL some approximations must be made to reduce the
2-I) Poisson equation to a [-D form. Analytical solutions of the Poisson equation can
then be found, and these solutions can be used to derive analytical expressions for AL,
The analysis used to derive models for AL will also yield expressions that calculate the
value of the channel electric field. These can be employed to find the magnitude of the
maximum channe} E-field strength Eymax, a quantity that is needed when the subject of
hot-carrier effects in MOSFET: is considered (see chap. 9).

For the purposes of modeling the MOSFET in saturation, the most common
approach for reducing the 2-D Poisson equation to a 1-D form assumes that 9€/9x (i.e.,
the gradient of the electric field in the vertical (x) direction) is much smaller than 0€/dy.
In such cases, the d€/0x term in the 2-D Poisson equation can be dropped, turning a
2-1D partial differential equation into the form of a one-dimensional (ordinary) differential
equation. We note that this approach is opposite to the one taken in the GCA
approximation. Namely, in the GCA approach the d€/dy term is considered to be much
smaller than the 3€/9x term, and thus it is the term dropped from the Poisson equation.
Here we will derive three analytical models for AL. The simplification of dropping
J€/9x entirely from the 2-D Poisson equation is used in the first two.
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5.4.3.1 Modeling MOSFET Saturation Behavior Using the Abrupt
Junction and Depletion Approximations. The first and simplest approach
to modeling saturation behavior in MOSFETs divides the MOSFET channel into two E
regions: one in which the long-channel I models are still assumed to be valid, and the
pinched-off region. This simple model also invokes three approximations in the
pinched-off region, which are:

a. Only the drain field is assumed to be responsibie for determining the current
flow in the pinched-off region. (That is, the vertical field due to the gate is
ignored.) In addition, the drain field is assumed to have only a horizontal
component, £y(y). Furthermore, its magnitude is assumed o be constant as a
function of x. The map of the drain field in the pinched-off region is thus
qualitatively depicted in Fig. 5-40. The strength of the field is indicated by the
length of the arrows, and the field direction at each point by the direction of the
arrow.

b. No mobile charge is present in the pinched-off region. That is, only the
ionic charge [uniformly distributed with a concentration p(x,y) = -gN4] is
assumed to be present (i.e., the depletion approximation described in section
3.2.3 is once again invoked here).

¢. The abrupt junction approximation is also invoked. This implies that Ey=0
at the leading edge of the pinched-off region y = (L - AL), (because the electric
field at the edge of the depletion region in any abrupt junction is assumed to be
Zero).

% GATE

oxX

Arrows depict the
strength and direction:
of the electric field
in the VSR

-~ N -

Fig. 5-40 Map of the drain field in the VSR region.
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Using these approximations the Poisson equation is reduced to the form:

dgy o) - g Na

dy Ksi €o (5-46)

The expression for calculating the channel length modulation is found from Eq. 5-46 o
be

2 .
AL = \/ Esi (Vps - Vpssar) (5-47)
g Na

This equation for calculating AL was introduced by Reddi and Sah in 1965.4%

Using this methed 1o estimate AL, however, leads to some physical inconsistencies
in the value of Ey(y) as well as yielding values of AL that substantially overestimate its
length (i.e., it predicts that AL can be larger than L, even in 2 ym MOSFETs under
normal operating conditions). A more complex model must therefore be invoked to
reconcile these apparently unphysical resuits, as well as to improve the predictive
capability of the AL model. Before we describe such more-complex models let us first
discuss the shortcomings of the Reddi-Sah AL model in more detail.

The variation of the channel electric field when the device is saturated provides some
insight into the shortcoming of this AL model. We calculate the channel field using the
approximations that led to the charge-control long-channel dc MOSFET model {(adopted
here again for the sake of mathematical simplicity). The channel field Ey(y) for
y < L - AL can be found by substitating Eq. 4-63 into Eq. 4-22. Combining with the
pinchoff conditions that led to Eq. 5-47, we get

= _Vgs- VT i
€ = for y<L-AL 5-48
v 2(L ~AL) 1- [yAL-AL)] ’ ( )

gg\l—_"‘[y-(L-AL)] for y>L - AL (5-49)
51

These two equations for €y are plotted as a function of y in Fig. 5-41. Note from
Eqg. 5-49 that €y increases linearly with y in the pinched-off region. In addition, from
Eq. 5-48 we see that the model predicts £y, goes to infinity at y = L - AL This occurs
because at the point where the pinched-off begins (i.e., y = L - AL), the inversion-layer
charge concentration Q becomes zero, as required by the pinchoff (and depletion-
approximation) condition. To maintain current continuity when the mobile-charge
concentration approaches zero, the electric field must approach infinity. In addition,
Fig. 5-41 shows that Sy is discontinuous at y = L.~ AL (i.e., Ey is infinite at [L- AL],
and is zero at [L - AL],). Both of these predictions are, of course, unphysical. The
problem lies with the pinchoff condition. That is, the concentration of mobile charges
in the pinched-off region never actually becomes zero because of carrier velocity
saturation. As a result, to derive a more accurate and physically correct model of the
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MOSFET in saturation, a somewhat more complex formulation of the Poisson equation
than Eq. 5-46 must be employed.

It should be noted that a completely empirical approach based on the Reddi-Sah
model of AL was developed by Frohman-Bentchkowsky and Grove.* In this approach,
Eq. 5-47 is still used, but two terms - each containing an empirically determined
constant - are added as corrections to this equation to improve the accuracy with which it
predicts the value of AL, One of the correction terms is attributed to the fringing field
between the gate and sidewall of the drain and the other to the fringing field between the
gate and the end of the channel. These effects are not considered in the basic model
represented by Eq. 5-47. Agreement with experiment is good for channel lengths from
2 to 4 pm and Ngyg ~ 1013 - 1016 cm™3.

5.4.3.2 Constant-Field-Gradient Model. The prediction of an infinite
electric field strength at y = L - AL arises from the assumption that no mobile charge
exists in the depletion region. If we remove this assumption (approximations b of the
Reddi-Sah model), and alse approximation ¢ (which leads to the nonphysical
discontinuity in the E-field value at the leading edge of the pinched-off region), but
retain approximation a, the formulation of the second of the three saturation models is
obtained. That is, we now assume that a uniform mobile charge concentration (with a
density Np,) exists to a depth rj in the pinched-off region, and also that these carriers are
velocity saturated. Hence, it is appropriate {o rename the pinched-off region as the
velocity saturation region (VSR). Now, the mobile charge density in the VSR can be
expressed in the following form30 *

4
te |
infinity
£
pinch
oft
region
0 L- AL L

Y
Fig. 5-41 General behavior of £(y), the channel field, for a device in saturation according
to the long-channel model.** Reprinted with permission of Academic Press.

* Note that Eq. 5-50 is similar to the more familiar drift current expression Idrift = Jdrift A= ¢
n<v> A, where Np, corresponds to 1, vggy to <v>, and ;Zto A.
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aNm = (Aph Ip) /Vear 1| Z (5 - 50)

where Iy in this region is assumed to consist of velocity saturated carriers distribuied
uniformly into the bulk to a depth equal to the source/drain junction depths 13, and Aph
is a fitting parameter. With the total charge in the VSR now expressed as the sum of
the jonic and mobile charges, the one-dimensional form of the Poisson equation (Eq.
5-46) becomes

dEy (y) — KqNSA + Aph ID (5 - 51)
dy st ~0 Kgi Eo l’j Veat Z

Using this equation, we can solve for the value of £y(y) in the VSR. When removing

approximation ¢ we instead apply the boundary condition that E£y(0) = Eg4¢ at the

leading edge of the VSR (instead of the boundary condition that €y =0 at [L - AL]4, as

is done in the Reddi-Sah model).

Since the terms on the right hand side of Eq. 5-51 are constant as a function of y,
this model indicates that the gradient of the channel electric field in the y-direction in the
VSR, d€y(y)/dy, is also a constant (hence the narme, the constant-field-gradient model).
As a result, Ey(y) is predicted by this model to increase linearly with y in the VSR (as
is also predicted by Reddi-Sah model). Since more charge is now assumed to exist in the
VSR, however, the magnitude of the linear gradient in this model is larger. We plot
this result over the channel position AL as the dotted line in Fig. 5-42.5¢

The channel field £y(y) as calculated from a numerical solution of the two-
dimensional form of the Poisson equation is also plotted in Fig. 5-42.55 The numerical
simulation predicts that £,(y) exhibits a near-exponential-dependent rise towards the
drain, implying that the constant-field-gradient model significantly underestimates the
peak channel electric field. Because hot-carrier effects are extremely sensitive to the
magnitude of the peak channel field, it has been concluded that this model is not
sufficiently accurate for use in analyzing hot-carrier problems. Consequently, a more
accurate analytical model of the saturation region is still needed.

5.4.3.3 Pseudo-Two-Dimensional Model of the MOSFET
Operating in Saturation. The chief reason the constant-field-gradient model
underestimates the maximum value of €y in the VSR is that it ignores the effect of the
gate field in the analysis. A pseudo-two-dimensional approach, which includes the effect
of this field, has therefore been developed to obtain a more accurate analytical model of
AL and €y in the VSR. From these relationships a model for Ipga; 2s a function of Vpg
can also be cbtained. The original pseudo-2-D model was introduced by Elmansy and
Boothroyd in 1977.5! Later, Ko et al. developed an enhanced version3%33 that has also
been applied to modeling hot-carrier effects and subthreshold MOSFET behavior (as
outlined in section 5.2.1.4). Here we present a simplified version of this model, adapted
from the description by Ko in references 52 and 53,
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Fig. 5-42 Calculated channel field region versus position in the channel near the drain end
for three models (tgyx =358A, Ny = 6.6x10% em3, 1j =03 um, Legf = 1,15 um, Vpg = 8V,
(Vgs - V1) = 1.14V. Electrons in the channel have saturated velocities over the region AL
which extends from the channel pinch-off point to the drain. From R.S. Muller and T.L
Kamins, Device Electronics for Integrated Circuits, 2nd Ed. Copyright John Wiley & Sons,
New York, 1986. p. 491, Reprinted with permission.

In this approach we again remove approximations b and ¢, but also modify approx-
imation a of the Reddi-Sah model. In Fig. 5-43a a schematic diagram of the VSR is
shown. As in the previous approach the mobile carriers in this region are assumed to
be velocity saturated and are uniformly distributed in the VSR to the depth of the source
and drain junctions rj (with a concentration Nyy). The VSR is thus approximated as a
box bounded on the sides by ABCD. This box encloses all of the VSR mobile charges
and most of the ionic charges of interest. The electric field and voltage at the leading
edge of the VSR (point A) are assumed to have a values Egy and Vpgsar, respectively.
Since in steady-state the total number of mobile charges in the VSR is constant with
time the phenomenon being analyzed is essentially an electrostatic problem, solvable
using the Poisson equation,

Approximation a is modified as follows: First, let the coordinate system be selected
such that y =0 at A and y = AL at D. Next, we see that the charge enclosed in the VSR
is the sum of the mobile charge and ionic charge concentrations, gN, and ¢Np,,
respectively, or:

pxy) =gNj +¢Np (5 -53)

The drain E-field is still assumed to have only a horizontal component €y that varies
with position y, but not with position x. The map of the drain field component in the
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VSR bounded by ABCD is shown in Fig. 5-43b. The effect of the field due to the gate
charge, however, is now also included in the Poisson equation. This field is assumed to
have only a vertical component €y which varies with position y (i.e., €y gets weaker as
the drain is approached). £ has a value at the Si-5i0; interface given by €4(0.y) and is
assumed to be zero at the bottom edge of the depletion region [Ex{dayx,y) = 0]. The
value of Ex(rj,y) is also assumed to be close to zero, even though 1j is not as deep as
dmax- (This latter assumption is plausible since the MOSFET is biased into strong
inversion, making gNp, in the VSR larger than gN,. Thus, most of the total charge in
the VSR region of the channel [ice., from y = 0 to y = AL], is confined within the depth
from x =0 to x =1j). It is now assumed that the value of 0€4/0x at each point y can be
replaced by the average value of 0€,/0x from x = 0 to x = rj. This average value is
given by [Ex(0,y) - Ex(rj,¥)rjl. Since Ex(rj.y)/1j ~ 0, the average value of 9€/dx can be
approximated as just Ex(0,y)/rj.

The above modifications to approximation a result in the following important
conclusion: The term DE/9x in the Poisson equation can be approximated as Ex(0,y)rj.
‘With this approximation, the 2-I Poisson equation which governs the relation between
the electric-field and the charge density in the VSR, can be expressed as follows (with
£4(0,y) being written as Eg;(0,y):

48y | €505 _ gNa , qNy (5-54)
dy T Kgi €0 Ksi €0
GATE
q.._._

LTy

"" i. o 4_
‘ELOCITY
TURATION

EGION
¢ DRAIN
------------------- A c
0 —P y’ DL

AL

Fig. 5-43 Schematic diagram to illustrate the analysis of the velocity saturation region
(VYSR). From P.K. Ko, "Approaches to Scaling,” Chap. 1, in Advanced MOS Device Physics,
N.G. Einspruch and G. Gildenblatt, Eds., Vol. 18 VL3I Electronics. Academic Press 1989.
Reprinted with permission.
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Thus, by using this modified approximation, not only is the Poisson equation reduced
to a 1-D form (i.e., dependent only on ¥), but in addition, the effects of the both the. '
vertical (gate) and the horizontal (drain) fields in the VSR are included. Consequently,
the name chosen for this model (i.e., the psendo-2-D model) is appropriate.

Now, we can further simplify Eq. 5-54 by noting that € (0,¥) can be described in
terms of €,y (according to Eq. 3-15) as :

€5i(0,y) = (Box/Ksi€o) Eox (0.) (5-55)

Substituting the right hand side of Eq. 5-55 into Eq. 5-54 for €, and then recalling
that we since we can express Eqx (0,) as

Eox(0, ¥) = [Vgs - Vi - 205 - V)/ox (5-56)

[see Eq. 3-14, with @ox = Vs - Vg - 205 - V()], we can make these both of changes
in Eq. 5-54 to get -

GEyO) | eox 1 [Vos- Vep-298-VON _ gNa , Ny

dy Ksi€o oy T Ksi€o Ksi&0

5-57
Since V(y = 0) = Vpgear we can use Eq. 5-56 to write

€ox( =0) = L [Vas- Vrp- 208 - Vbgar] (5-58)
ox
In addition, since the GCA approximation is still valid at the leading edge of the VSR
(y = 0), the total charge in the silicon {Q¢) at that point can still be calculated by Eq.
4-1c (Q¢ = PoxCox), Where Cox = Egx/tox and Egx = Qox/tox. Thus, since Q¢ (cm?)
is (gNatj + ¢Nm1j), and Qg = EgxEox. We can also write

Eox(y=0)=(g Na 5 +gq Np I‘j)'lf':ox (5 - 59)
Hence,

€ox 1 v v 2 vV, _ gNa gNm -
2% 1 [Vgs- Vg~ 208 - VDgsatl = £ + r (5-60)
Ksifo gy ¢ sat K€ 1 K€

Now we can substitute (€0x/Ksi€otoxti)[ Vs - Vg - 2@ - Vpgsat] for the right hand
side of Eq. 5-57, allowing Eq. 5-57 to be simplified to

d
B0 __ sx vy - Vosa (5 - 61)
dy KSi €o tOX I'j
or
d .
g0 = V() - Vosgall where 12 = ﬁtox tj (5-62)
dy 2 Fox
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or
d'IVO) - Vogarl - [V 0) - Vs - 63)
dy2 /2
where the parameter ! is the effective length of the VSR.

A qualitative physical interpretation of equations 5-62 and 5-63 can be given as
follows: At y = 0, where V(0) = Vpggar, the charge in the VSR is still controlled
entirely by the vertical field (E4). Since, for conditions of dc current flow the total
charge density (i.e., the sum of the mobile and ionic charge densities) must remain
constant along the VSR toward the drain, the total electric field at each point y must
also remain constant. However, the voltage V(y) increases toward the drain. Thus, from
Egs. 5-35 and 5-56, we see that £¢ must decrease toward the drain, and so must the
amount of charge in the VSR controlled by it. According to the Poisson equation, this
charge must be taken up by the gradient of €y. Thus, the gradient of €y must increase
toward the drain. In Eq. 5-62, the RHS is the amount of charge relcased by €4 as a
result of the rise in the channel voltage [equal to V(y) - Vpssatl, while the LHS is the
corresponding increase of the gradient in €y in order to support these charges.

The general solution of Eq. 5-63 is:

[VO) - Vossar] = Aey/l + Bev /i (5 - 64)

By applying the boundary conditions: V{0) = Vpggar, and Ey(0) = [0V(»/oyl@y=0=
Eysat, the cocfficients in Eq. 5-64 are found to be A = [Eg/2and B = - 1€5a¢/2. Thus,
we can write the expressions for V(y) and Ey(y) in the VSR as

V() = Vpssat + ! Egar sinh /1) (5 - 652)
and
Ey(y) = dVldy = Egy cosh (/1) (5 - 66a)
Note that near the drain end of the VSR
V) = Vpssat + [ E€sar exp ) {5 - 65b)
and
Ey( = [(Esu)/i] exp (/) (5 - 66b)

At the drain end of the channel V(y) and £y have their maximum values Vpgmax and
Eymax- as given by

Vpsmax = Vpssat + [/ Egy sinh (AL /D (5-67
and

Eymax = E(y =AL) = Egncosh (AL /) (5 - 68)

Equations 5-67 and 5-68 can be combined to yield an expression for AL
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{IV 0) - Vossatl/l } + Eyma
Egat

AL =!I {5 - 69}

2
€ymax = [LVDS';/W_ZDSS&]_ + stat] 2 {3 - T0ay
Equations 5-66 to 5-70 describe important aspects of the behavior of the MOSFET in
saturation. First, Eq. 5-66b indicates that €y, grows almost exponentially towards the.
drain, as was predicted by 2-D numerical simulation. In Fig. 5-42, Eq. 5-66a is plotted
along with the results of the 2-D numerical simulation. Close agreement is observed:’
However, the parameter [ must be adjusted to give approximately the same peak channel
field. We indicate below how this has been done using both experimental data and
numerical simulation.

From Eq. 5-70, Eymax 18 seen to depend explicitly on [V(¥) - Vygsatl, but Ehe_
channel length L only influences Eymayx indirectly. Furthermore, if Vg is more than”
about 2V greater than Vpssat, (Vps - Vpssat)/! >>Esa;. In this case Eq. 5-70a for :
€ymay is simplified to

€ymax = [Vps- Vpssa)/! (5 - 70b)°

From experimental data and 2-D device simulations using MINIMOS the following:
expressions for [ that appear valid over a wide range of (ox, Nu, and 1; have been.

deduced:!

i

[ = 022 193 1! if tox 2 15 nm (5 -70cl})

and

?

[ = 17x107? ty V8 1113 if tox <I5 nm (5 - 70c2)

where /, rj and tox are in centimeters.

By substituting Eq. 5-70¢l into Eq. 5-70b a simple, explicit expression for the
maximum channel electric field is obtained

€ymax = [Vps- Vpssat}/0.22 rj”3 tox'? (5-71)

where Vpggqe is found using Eq. 5-37 and Egy; in that equation is taken to be the critical
field for velocity saturation (~5x10* V/cm). Equations. 5-71 and 5-37 can thus be used
to estimate the peak channel electric field Eymay as a function of device dimensions and
bias voltages in conventional {i.e., non-graded drain) MOSFETs.

For example, by substituting some realistic values of tyx and 1j into Eq 3-71 (i.e.,
using values typical of 1-um CMOS technology, namely, tgx = 250A and ;=02
pm), we get { = 135 nm, and 1/I = 7.5x10%cm !, Atlow (Vg - V) values, Vpggar~ 0.
Using Egar = 5x10* Viem and Vg = 5V, from Eq. 5-71 we get Eymax = 3.85x10°
Vicm. Since Eymax is proportional to (L5173 tox'3), it is apparent that device scaling -
will . magnify the high-field problems unless the power-supply voltage is also
correspondingly reduced, or the MOSFET device structure is modified to reduce Eymax.
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With an expression for AL also in hand (Eg. 5-69), a relationship for the drain current
in saturation based on the psendo-2D saturation model can now be derived, namely for
Vps>VYpssat:

In(AL) = Inga [ L ][ Vossar * Egqr L ] (5-72)
L - ALY Vpgae + Egq (L - AL

5.5. SHORT-CHANNEL MOSFET MODELS
USED IN THE SPICE CIRCUIT SIMULATOR

The simple, analytical short-channel MOSFET model described in section 5.4 is
adequate for hand calculations. However, for computer-aided circuit analysis and design a
more accurate model is needed, which also retains the benefit of simplicity to allow
rapid circuit-simulation execution times. The Level-1 and Level-2 MOSFET models in
SPICE are not suitable since they do not work well for small geometry transistors.
Likewise, the Level-3 model relies too heavily on a semi-empirical approach. Thus, a
simple and accurate, physically based, short-channel MOSFET model suitable for circuit
simulation programs was needed.

Such a model has been developed and is incorporated in the circuit simulator SPICE.
This model, named BSIM (Berkeley Short-channel IgFET Model), was introduced in
1987.56 It is a modified version of the Bell Labs model CSIM with substantial
enhancements (Compact Short-Channel IgFET Model).>” BSIM is the Level-4
MOSFET model in SPICE, and BSIM2 (introduced in 1990) is the Level-5 MOSFET
model.® By 1993, BSIM3 was developed and incorporated into SPICE.

BSIM is capable of simulating the drain current in short channel MOSFETs in both
the strong-inversion and weak inversion regimes. It can model such short-channel effects
as channel-length shortening, channel narrowing, mobility degradation, drain-induced
barrier lowering, nonuniform channel doping for ion-implanted devices, subthreshold
slope, and geometric dependencies. Terms with strong physical meaning are employed
to model the fundamental physical effects while empirically derived parameters are
judiciously used to embrace less-well-understood (and generally subtle) device
characteristics. This approach is weli-suited for circuit-analysis purposes, especially as
two- and three dimensional small geometry effects become more important.

BSIM2 is an extension of the original BSIM model, but BSIM3 is essentially a new
model. That is, while BSIM has about 60 parameters (17 for medeling the dc
characteristics) and BSIM2 about 120, BSIM3 has 38 (the Level-1 and Level-2 SPICE
models described in chap. 4 each have a total of about 15). It is generally conceded that
while the Level-1 and Level-2 models had too few parameters, BSIM and BSIM2 had
too many. BSIM3 is a compromise that seeks to use just the right number. In addition,
many BSIM and BSIMZ2 parameters were put into the model strictly for curve fitting and
did not have much physical basis. This makes it difficult to generate fast and slow
models using BSIM or BSIM2. For the most part, the BSIM3 parameters are based on
reagsonable physical assumptions, and almost all have some connection with the real
world, making the results of BSIM3 easier to interpret.
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BSIM also includes a dedicated parameter extraction program, which together with
the parameter-extraction system hardware (consisting of three major elements: a desktop
computer, an H-P 4145 semiconductor parameter analyzer, and a probe station) allows
the BSIM model parameters for a family of devices to be automatically extracted from -
measurements of actual test devices. '

5.5.1 BSIM Model Equations

The formulation of BSIM can be broken down into the following aspects: (1) an
equation for the threshold voltage Vo of the short-channel MOSFET; (2) equations for
the operation of the short-channel MOSFET in strong inversion; and (3) equations for.
the operation in weak inversion {subthreshold regime). '

5.5.1.1 BSIM Threshold Voltage Equation. The equation used to model
Vr in long-channel MOSFETSs (i.e., Eq. 4-12, with Vg replaced with Vi), is modified
in BSIM to allow the threshold lowering effect observed in short-channel MOSFETs to -
be modeled. The BSIM V; equation is

Vo = Vi +20p + 7 (205 + V)2 - K1 (2¢p - Vps) - 1Vps {(5-173)

We observe that in addition to the three parameters Vg, ¢g, and v, Eq. 5-73 contains
two more for modeling Vr, namely Ky and 7. Ky is the source and drain depletion
charge sharing coefficient, and 7 is the drain-induced barrier lowering coefficient (which
is roughly inversely proportional to the channel length L). Together, K¢ and 1 mode! -
the threshold lowering effect. '

5.5.1.2 BSIM Equations for I when the MOSFET is Operated in
Strong Inversion. The BSIM I, equations contain three additional parameters to
allow the mobility degradation and velocity saturation effects to be modeled. These are
the vertical field mobility degradation coefficient Uy, the velocity saturation coefficient
U1, and the carrier mobility ug. (Note that ¢g in BSIM is a function of the substrate -
and drain biases.) In order to speed up the circuit simulation time, instead of using I
in the form of the ionic charge model (i.e., of the form of Bq. 4-57 - which has a 3/2 -
power dependence of the drain current on the drain and substrate bias), a numerical =
approximation to the terms of Eq. 4-57 that contain Vg is used. The resulting BSIM
equations for Iy in the linear and saturation regions are:

Linear Region: [Vgs >V}, and 0<Vpg<Vpgsarl

CaZ 2
Ip = Ho L (VGS‘ Vr)Vos- Vs ) G-
[ 1+ Us(Vgs-Vr) 1+ ﬂVDS) 2
L

where
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a=1

¥ [1- 1 ] -7
2{205- Vas 1.744 + 0.8364 (205 - Vi)

If we compare Eq. 5-74 with the linear I, equation of the square-law model (Eq. 4-63b),
we see that Eq. 5-74 is similar but that it also has some extra terms. The first
fractional term of Eq. 5-74 models the vertical field mobility degradation effect, and has
the same form as Crawford's mobility expression (Eq. 5-18). The denominator of the
second fracticnal term models the velocity saturation effects. The last term of Eq. 5-74
is like the last term of Eq. 4-63b except that it also contains the empirical parameter 'a.'
This formulation allows the terms of Eq. 4-57 containing Vgg to be handled via a
numerical approximation, rather than by having to compute terms to the 3/2 power (as
would have to be done if Eq. 4-63 was used here instead to compute Ip). The values of
I, computed with this approximation are quite close to the values that would be
computed if the Eq. 4-57 was used instead (over a reasonable range of Vg and Vpg).
See Appendix C to see how this approximation is derived, starting from Eg. 4-57.

Saturation Region: [Vgs >V}, and Vps 2Vpsgatl

cm%(vcs-vT)2

Ip = be (5 - 76)
[1+UoVes- V1) 2aV
where
V:l + Ve +21 + 2 vg and ve = Uy (Vas- Voa  (5-77)
and
Vipssat = (Vgg - Vr¥aV (5-178)

5.5.1.3 BSIM Equations for Ip when the MOSFET is Operated in
Weak Inversion (Subthreshold Regime). In BSIM the total drain current
is modeled as the linear sum of the strong and weak inversion drain current components
(Ip,s and Ip w, respectively) to allow proper maiching of these two components at a
transition point close to the threshold voltage. The weak inversion component is
expressed as

Ipw = (Iexp ilimit)”(lexp + Himit) 5-7%
where
Iexp = w (%)2 el8e(g/kTIVas - VIIM [ | - e-Vpsg/kT)) (5 - 80)
and

2
Tiimit =W(3 %1) (5 - 81)

The factor e!8 is empirically chosen to achieve best fits in the subthreshold
characteristics with minimum effect on the strong-inversion characteristics. The
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subthreshold parameters 1y, Ny, and Np are used to model the subthreshold slope

coefficient y, as:%®
N = TNo + NeVes+ MpVps (5-82)

The subthreshold swing Sq is expressed as (Eq. 4-91)
St = 23kT/gdn = (2.3kT/g) (1 + Ca/Cox) (5-83)

where 1} is the subthreshold slope coefficient calculated from Eq. 3-82. As discussed in -
chap. 4 and earlier in this chapter, the subthreshold swing is a function of both substrate
and drain biases, and this bias dependence is modeled in BSIM by the linear relation

given by Eq. 5-82. '

5.6 MOSFET SCALING

A roadmap of the scaling of MOSFET devices was proposed by Hu in 1993.24 He
assumed that a new generation of technology will continue to be developed every three
years, with perhaps a slow-down to four years beyond the 0.35 pum generation. His
proposal for MOSFET scaling is outlined as follows, with the result summarized in
Table 5-4.

1. The IC industry/market will agree on the next power-supply voltage standard
Ve several years in advance of introducing a technology/product using that

voltage.

2. For a given V¢, the thinnest gate oxide (i.e., from manufacturability,
reliability and GIDL considerations) will be used to get maximum Ip,.

3. Junction depths will be scaled aggressively to keep the short-channel effects
(i.e., subthreshold leakage current) within a desired limit.

4, Vo of general purpose technology will remain basically unchanged. A
significant reduction in V1 is unacceptable for channel subthreshold leakage.

5. The well doping concentration or punchthrough implant dose will be
increased, and the gate length may be chosen to be larger than the minimum
feature size in order to achieve acceptable leakage and standby current.

6. Drain engineered structures will be used as necessary to meet the constraints
of hot-carrier reliability, breakdown voltage, and GIDL.

5.6.1 Design of Submicron MOSFETSs:
Scaling Guidelines

The fundamental issue of downsizing MOSFETs is to preserve long-channel
characteristics after miniaturization. Several approaches have been proposed as roadmaps
for designing submicron MOSFETSs (L<] um) so that they exhibit such behavior.
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Table 5-4 MOSFET Technology Projection?* (High-Speed Scenario)

Minimum Feature Size (pm) 0.5 0.35 0.25 0.18 0.13 0.09
Year of Introduction 1991 1994 1997 2001 2005 2009
SRAM Density 4M 16M 64M 256M 1G 4G
Ve (V) (#10% for max Vo) 3 3.3 3.3 3.3 2.2 2.2
MOSFET Gate Oxide (nn) 13.5 9 8 7 4.5 4
Junction Depth (fim) 0.15 0.15 0.1 0.08 0.08 0.07
Effective Channel Length {(¢m} 0.40 0.30 0.25 0.2 0.15 0.13
Threshold Voltage (V) 0.7 0.7 0.7 0.7 0.7 0.7

NMOS Ipsat @ Vgs= Voo (mA/m)  0.64  0.48 055  0.65  0.51  0.57

PMOS Ipsat @ Vgs = Vee (mA/um) 031 0.22 026 0.32 0.2 0.28

Three of the most important scaling methodologies are the following: (1) constant
electric-field scaling and its derivatives (constant voltage and constant electrostatic scal-
ing); (2) scaling based on subthreshold behavior; (3) scaling to achieve a desired value of
subthreshold current, Iosr. Because subthreshold conduction is the dominant short-
channel performance issue that limits MOSFET scaling,%0 the latter two have more
applicability, but for completeness we also include a brief discussion of approach #1.

5.6.1.1 Constant Eleectric-Field, Constant Voltage & Electrostatic
Scaling. The method of constant electric-field scaling for designing submicron
MOSFETSs was proposed by Dennard et al. in 1974.6' In this approach, a successful
larger device structure is selected (e.g., from the previous generation of ICs) and all its
dimensions and voltages are reduced by a constant scaling factor A (>1). The new device
dimensions are then L' = L/A, tox' = lox/A, and W' = W/A, while the operating voltages
are V' = V/A. With this approach, operating speed increases, component density
increases, and power densily remains constant. Unfortunately, current density also
increases by the scaling factor (a condition that aggravates electromigration failure in
metal interconnect lines). In addition, the threshold voltage V' Is reduced to Vo/A,
which makes the subthreshold current larger at Vgg = 0. The worst shortcoming,
however, is that the power-supply voltage must be reduced by the same factor as the
channel length. This is not compatible with circuit requirements such as neise margin,
current driving capability, and power-supply voltage compatibility from one generation
to the next. Thus, this method has not been adopted in its original form.
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Indeed, scaling of the power-supply voltage has not been implemented in digital ICg
down to device dimensions of 0.8 pm. Instead, it has been maintained at 5.0 V,
primarily to permit the next generation of semiconductor products to "plug in" 1o
existing systems. Only for devices with smaller dimensions has a reduced power-supply
voltage been implemented (3.3V). This has led to the consideration of constant-voltage
scaling as a minjaturization alternative. In this approach, device dimensions are scaled
by the same factor X as in constant-E-field scaling, but the applied voltages remain
constant. While this solves the circuit incompatibility problems, it leads to higher
electric fields inside the device. These high fields cause mobility degradation, hot-carrier
effects, oxide tunneling, and other reliability problems.

A compromise approach named constant-electrostatic scaling (or quasi-constant
voltage scaling) was thus proposed by Bacarani et al.5? Dimensions are still scaled by
A but the potentials are allowed to be scaled by a separate factor ¥ (e.g., K = VI). The
operating voltages can then correspondingly decrease to V' = V/k. This has allowed
suitable fabrication parameters for MOSFETs to be derived for devices down to channel
lengths of 0.25 pm (some degree of power supply voltage reduction is used).

However, even with the latter method, the depleticn regions of the source and drain
junctions scale by a factor less than A, and hence devices specified according to this
approach are subject to such two-dimensional problems as punchthrough and DIBL. In
addition, subthreshold turn-off does not scale because it is dominated by the exponential
dependence on potential of the carrier density (and the subthreshold current is dominated
by a diffusion rather than a drift component). Thus, the subthreshold current does not
scale with field. Consequently, the scaled down device fails to turn off at Vgg =0
(because the voltage swing needed to drive the device "off" - which is in the range of
0.5-0.8V - cannot be scaled because the subthreshold portion of this swing
{Alpst/AVs) is invariant). As a result, the target Vo value of a new, reduced-design-
rule process will not decrease with the other physical parameters relative to an existing,
larger-design-rule process. Hence, for ICs in which subthreshold leakage currents must
be minimized, even this scaling method is not adequate.

5.6.1.2 Subthreshold Scaling. Another approach to scaling which overcomes
the above difficulty was proposed by Brews et al.®% They introduced an empirical
formula which determines the minimum gate length a MOSFET can have so that its
subthreshold behavior remains insensitive to drain bias. That is, by using this formula,
a constraint upon each single combination of device parameters is identified, such that if
this constraint is satisfied with this combination of parameter values, the resulting
device exhibits long-channel subthreshold behavior,

We recali that when long-channel devices are operated in subthreshold, Ipg; is
independent of drain-to-source voltage once Vpg exceeds a few kT/q (see Eqs. 4-87 and
4-89). Thus, the criterion selected to represent acceptable long-channel behavior was
that no more than a 10% change in drain current could occur for a 0.5V change in Vpg
{e.g., Ipst should not vary more than 10% as Vpg is increased from 0.5 to 1.0V).

Brews et al. found empiricaily that such subthreshold long-channel behavior will be
preserved provided the channel length L exceeds a minimum value Ly
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L zLmin = A [rjtox (Ws + Wp)2 ]2 (5-84)

where, 1j is the junction depth, toy is the oxide thickness, Wg and W, are the depletion
widths of the source and drain (in a one-dimensional, abrupt junction for uniform
doping). With rj, Ws, and Wp in microns, and tgx in angstroms, the fitting parameter
is A = 0.41 A-, The substrate doping dependence is contained in the depletion-width
equations, inasmuch as Wg and Wy, (e.g., in an NMOSFET) are given by

Wg = \fZKsiac,Vbi/qN A (5 -85
Wp = V2&gigo(Vii + Vps)l/gNa (5 - 86)

According to Bq. 5-84, miniaturization requires shallower junctions {rj), thinner oxides
{tox)» lower voltages, or heavier doping in the channel region (i.e, this will reduce W -+
WD).

A set of experimental and computer-generated points were fitted to Eq. 5-84. The
validity of the equation was established for gate lengths as small as 0.3 um and for
device parameters in the ranges of 100AStox<10004, 10" cm-3<N,<10'7 em'3,
0.18 ymsrj=1.5 pm, and for drain voltages up to 5V. Figure 5-44 shows a plot of Eq.
5-84 for Lin (solid line) compared with experimental measurements and computer
simulations. For the ranges of device parameters examined, Fig. 5-44 indicates that
Eq. 5-84 provides a reliable guideline for scaling MOSFET gate lengths down to

0.3 ym.
'iOZ -
0
€ "
=4
< B
E 1B
- -
» © 2D SIMULATION
101k ° ExpERIMENy
1072 107! i 10 102 103 10%

y= fjd(Ws‘FwD]z (".l.l'ﬁ3 "'3)

Fig. 5-44 Equation 5-84 for Ly compared with experimental measurements and computer
simulations. The criterion for Lyip is that for L = Lipip @ 10% variation in drain current
oceurs as Vi varies from 0.5 to 1.0V in the subthreshold regime of gate biases. The units of
the abscissa reflect the choice of units: d in A, the other variables in ym.63 (© 1980 1IEEE).
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This approach is also more flexible than the earlier ones because not all device
parametess need to be scaled by the same factor A. Instead, various device parameters can
be adjusted independently as long as the value of Ly, remains the same. This is
shown in Fig. 5-44, which also plots Ly, versus ¥ [where y= 13 tox(Ws + Wp)2].,
All devices with channel lengths lying above the line exhibit long-channel subthreshold
behavior, while those below the line (crosshatched area) exhibit short-channel
subthreshold behavior.

As an example, this figure shows that in order to design a MOSFET with Ly =
0.5 um, yshould be 2. Once vy is determined, 1}, lox, Ws, and Wy, can be chosen so
that the resulting <y does not exceed 2. Unlike electrostatic scaling, it is not necessary
to start with an optimal large device and then scale it down by a single constant factor.
Rather, any device that fits the criterion will be suitable. In addition, it allows voltages
to be kept fixed or only reduced modestly, provided the other factors are changed to
compensate.

To some degree Eq. 5-84 appears plausible. For example, it seems reasonable that
Lmin should increase if the depletion widths increase, because such an increase enlarges
the two-dimensional regions controlled by the source and drain at the expense of the
region controlled by the gate, Similarly, increased junction depth increases the influence
of source and drain regions, so we expect that shorter-channel devices will require
smaller values of rj (i.e., shallower junctions). Finally, as tox is increased, the
screening effect of the gate is reduced, and the field lines emanating from the source and
drain penetrate further into the channel region, and fewer of them terminate on the gate,
causing Lmijn to increase. However, while these simple ideas appear to support the
validity of Eq. 5-84, the authors of this approach in fact admit that they do not know
why it works.®® In addition, Eq. 5-84 is known to be valid only over the fitted range,
and has not been tested below 0.3 ym.

Nevertheless, Eq. 5-84 is useful in keeping DIBL under control. On the other hand,
this approach still does not incorporate all of the necessary tradeoffs to handle such
problems as hot-carrier degradation, or circuit-related constraints such as noise margin or
ofi-current requirements. Censequently, the reduced devices designed with this criterion
still need adjustments, especially as L gets deeper below | gim.

Note as weli, that in modern MOSFETs the substrate doping is net uniform. That
is, ion implantation is used to increase the doping in the region between the source
drain so that the doping there is heavier than in the substrate region beneath the source
and drain. This allows a shorter source-to-drain spacing. With many MOSFET designs
this surface doping is nearly uniform out to the junction depth. Thus, in Eq. 5-84 it is
this doping concentration (i.e., Ny in Eqs. 5-85 and 86) that must be used to calculate
WD and WS'

In addition, another aspect of modern NMOSFETSs is the formation of shallow
junction extensions by implantation using the gate as a mask (the LDD structure). It is
the depth of this shallow junction extension that is used in Eq. 5-84. (The entire length
of the junction is not made shallow, to avoid junction series resistance and junction
leakage problems.)
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Finally, Eq. 5-84 does not take into account the lateral ballooning of the drain
depletion region in the lightly doped substrate beneath the source and drain regions.
“That is, this effect may allow bulk (subsurface} punchthrough to occur between drain
and source. To prevent such subsurface punchthrough the substrate doping cannot be
made as low as one would like in an attempt to reduce junction capacitance and
threshold variation under source-to-substrate bias. A rough guideline for selecting the
minimum value of substrate doping to avoid subsurface punchthrough has been
suggested by Klaassen®* to be

NSUB = Nch/lO (5 - 87)

‘where Ngyg is the substrate doping and Ny, is the doping in the region between the
source and drain. Equation 5-87 sets a lower bound on the junction-to-substrate
capacitance.

5.6.1.3 Off-Current Scaling Approach. Another scaling approach
employing a more flexible criterion for acceptable "off"-state behavior (but which is
also somewhat more complex than the previous subthreshold approach), has been
recently proposed.S® We will provide a brief outline of this method in this section, The
crux of the procedure involves finding a channel doping profile which yields an
acceplable combination of off-current Lyfr (¥p when Vgg = 0V} and Vr in a device with as
small an L as possible. The following three parameters are varied to arrive at the
appropriate channel doping profile: the exposed dose D; and centroid x¢ of the Vi
- implant, and the substrate doping Ngyg. The profile is initially determined assuming
that the device exhibits long-channel behavior (i.e., no significant punchthrough should
be observed in the subthreshold operating region). However, the acceptable value of
"off"-current in the long-channel device (Iyff ) is deliberately picked to be smaller than
Ioff in the short-channel device being designed - in anticipation of the increase in Iger
* due to surface-DIBL in the shrunken device. The estimate of the increase in Iyfr | due
to surface-DIBL depends on the DIBL model chosen by the designer. To ensure that the
subthreshold punchthrough current remains insignificant at maximum Vpg, a minimum
Ngyp is identified. Finally, in the process of selecting appropriate values of Dy and xg,
the criterion that the channel depletion-region width d should be a minimum is applied
(to keep AV g as small as possible when L is shrunk, as suggested by either Eq. 5-2 or
barrier-lowering analysis).

In the report that describes this scaling strategy, the example to which it is applied is
a symmetrical CMOS process (i.e., in which NMOSFETs are built with nt-poly gates
and PMOSFETs with p* poly gates), a technological approach that is gaining more
popularity as L is decreased to 0.5 ym or smaller. Let us now also consider this scaling
strategy as applied to a symmetrical CMOS process in more detail.

First, the approach assumes that the following parameters are set by system and
processing constraints: Vpp; the type of gate material (e.g., heavily doped poly); and
minimum values of tox and rj. The minimum manufacturable L is also limited by the
lithographic process. However, Iyer, Vo, and the actual value of L are left as parameters
that can be traded off later, based on the specific circuit or system application

.
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requirements. The tradeoffs between Vo and long-channel Iy (Toff 1c) values are carried -
out with the aid of families of curves that relate Vir and Lott,1e for a fixed oy (withi |
Ngyp as a parameter). Figure 5-45 is an example of one such family of curves, in

which tgx = 100A. Notice that the x-axis is expressed in NoffJC/ng instead of Lot 1o
However, since Ioff |¢ is directly proportional to Noft,Ic (the latter being defined as the-
free-carrier density in the channel per unit area - e.g., per cm? - when Vgs = OV

according to =
Lofflc = 1 (ZILYKT/q)gNofr Ic (5 - 88)

Iofr,Ic is implicitly expressed in these curves. In Eq. 5-88, Z and L are the device width
and length, respectively. In addition, Nng is the free-carrier concentration per unit area
in the channel at midgap,* and this value can be found from

Ning (em?) = nj (K /Kox)(ZKT/Eg) tox (5-89)

Nmg is therefore the free-carrier density in the channel at the point when the surface is

undergoing its field-induced reversal of polarity (e.g., from p-type to n-type). Thus,
N represents the smallest free-carrier concentration in the channel in weak inversion; :
As is also indicated by Eq. 5-89, Nmg is independent of Ngyp. In an Si-Si0, MOS™
device at 300K, Eq. 5-89 can be written to explicitly express the relation between Npg
and tox as

Nmg (@ 300K, in cm2) = 10'%cm3)(11.8/3.9) 22.4 tox(cm) = 1.33x10° tgy(cm).
Thus, for a MOSFET with toy = 15 nm = 1.5x106 cm
Nmg ~ 2x10% cm™,

Thus, if Inff ¢ is given, and it is desired to relate this value to a point on a curve in
which one axis is expressed in terms of Noff,1¢/Nmg (such as Fig. 5-45), it can be done: :
as follows:

Exampie 5-1: If a maximum off-current ozt ic at 300K of 10 pA. is required in
an NMOSFET with L =3 gm, Z = 6 um, tox = 15 nm, and y,, = 400 cm?/Vsec,
find the value of Nogr /N mg that corresponds to this Iogr ¢ value.

Solution: Since Nygr e = Iofric/[4n (Z/L) (KT/g)q]
= 1x10-1V A / [400 cm?/Vsee (6/3) {0.025V) 1.6x10°19C]

= 3.1x107 carriers/cm?

* Midgap is the state of a MOSFET in which band bending is causing Ep at the Si surface to
co-incide with the energy level at the middle of the bandgap (which is also where Ej resides).
Also at midgap, ¢gyrf/¢, = In{Ngyp/ni) as shown in Fig. 5-46. In the special case of midgap
occurring at Vg =0V, Ny is the free-carrier concentration {cm2) in the channel for that
condition.
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and since Nppg (300K, tox = 15 nm) = 2x10% cmr?,
Noff1¢/Nmg = 1.3x10*

* To arrive at the Vrvalues exhibited in a family of curves such as those in Fig. 5-45, we
follow the general procedure given in section 4.6.3. That is, the value of Vyuq |c
(assuming a uniformly doped channel region with a doping of Ngyp) is calculated using
Eg. 3-71, and this is added 10 AV (II) using Eq. 4-73, to get Vinyd 1c (Eq. 4-74 or Eq.
4-75) However, to accurately determine AV(II) the value of both D; and x; must be
specified. In addition, the impact of Ngyg must included.

" That is, in the simple long-channel analysis of a MOSFET in section it was
agsumed that Viyqjc can be shifted by choosing Dy and x independent of Ngyp.

T T T T T

Nygp = 2 x 10V /em® Tor = 100 A |
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Fig. 5-45 Threshold voltage for implanted structures with the indicated substrate doping as
a function of Notf/Nmg. The dose and centroid of the implants are chosen for minimum
depletion width. (a) tox = 50A; (b) tox = 100A. From JR. Brews, K.K. Ng, and R.K. Watts,
Chap. 1, "The Submicrometer Silicon MOSFET," in Submicron Integrated Circuits, R.K.
Watts, Ed., Wiley-Interscience, New York, Copyright 1989 p. 34. Reprinted with
permission.
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Fig. 5-46 An MOS structure at zero gate bias with midgap level and the Fermi level at the!
surface being equal at zero bias (midgap occurs).

However, for the following reasons Ngyp cannot be ignored, especially when designing
short-channel devices: First, a minimum Ngyp must be identified to prevent subsurface
punchthrough, e.g., Ngyp=Ncp/10. (Note that in this analysis, the effect of a.
punchthrough implant is not considered, and hence only the substrate doping plays a
role in preventing subsurface punchthrough.) Second, the choice of Ngyg impacts d
(the channel depletion region width in the presence of an Vo implant) in that larger .
values of Ngyp will cause dj to decrease (see Eq. 4-80). To make d; smaller (i.e., to keep
AVrge as small as possible, as described earlier), larger Ny values are needed.* Third,
Nsuyp impacts Nogr ¢, because S; depends on d (see Eq. 4-91b). In general, increasing
the value of Ngyp will cause the value of S; to increase. If V. remains the same, the
consequence of an increase in Sy is a larger Npfr |c (as is also evident in Fig. 5-45).
Obviously, the first two issues call for large Ngyy values, while the third calls for
smaller values. Hence, tradeoffs may be necessary.

Values for the exposed dose D; and the centroid x that will produce a minimum
value of d are plotted versus Noft,1c/Nmg with Ngyg as a parameter, and toy = 504 in
Fig. 5-47. The value of D) is obtained from the following equation:

* The equations used to generate the Vr versus Nofr 10/Npy,, curves are derived by invoking the
constraint that the channel depletion width in weak inversion (d) must be a mintmum. This
constraint is derived from Eq. 5-2, and the fact that we want AVc to be as small as possible.
Since it is assumed that the device will employ the smallest to, and 1j values allowed by
process technology, the last parameter in Eq. 5-2 that can reduce AVqg: when the device is
shrunk to its minimum L, is dgpax.
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gD = (Q/Qmg) (KoxEo/tox) (KT/g) (BEg/2g) (5-90}

he vatue of Q/Qmg is found in terms of Noff jo/Nmg with the aid of Fig. 5-48.* (It
“turns out that for most cases of interest the substrate doping independence of D assumed
“in section does in fact continue to hold to larger values of Ngyg when the devices have
thin oxides. Thus, Eq. 5-90, which is independent of Ngymn, continues to be valid for

x/d = -Dy(Ngypd) + {(D/Ngypd)? + 1}12 (5-91)
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Fig. 5-47 (2) Dose in units of 10'*/cm? as a function of Nyf/Npe With substrate doping as
parameter. (b) Centroid or depletion layer width x; =w in nanometers versus Moff/Npg. In
both figures tpx = S0A. From JR. Brews, K.K. Ng, and R.K. Watts, Chap. 1, "The
Submicrometer Silicon MOSFET," in Submicron Integrated Circuits, R.K. Watts, Ed., Wiley-
Interscience, New York. Copyright 1989 p. 28. Reprinted with permission.

* Note that Q here is a dimensionless surface charge defined as by
Q = (DyNgygLp) + Nogr1e/NsupLp) + (/L) (5-92)
where Lp is the Debye length, and Qpg = (KoxLpEg/2kTK,loy). But for the purposes of our

abbreviated description of this scaling strategy (described more completely in ref. 65}, it
suffices to note that Q/Qp, can be determined in terms of Nyt 1o/Npg by using Fig. 5-48.
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Fig. 5-48 The normalized ficld parameter Q/Qmg of Eq. 5-90 as a function of zero-bias
carrier density to midgap carrier density ratio Noff/ng. From J.R. Brews, K.K. Ng, and R.K,
Watts, Chap. 1, "The Submicrometer Silicon MOSFET," in Submicron Integrated Circuits,
R.K. Watts, Ed., Wiley-Interscience, New York, Copyright 1989 p. 28. Reprinted with
permission.

Once Ve is determined for an acceptable value of Npf ic, a check is made te ensure that
the chosen Ngyg value exceeds the minimum substrate concentration identified as being -
able to provide adequate subsurface punchthrough protection. If Ngyp is found to be -
large enough to prevent punchthrough, the design process can proceed to the next step -
barrier-lowering analysis. (However, if the chosen value of Ngyg cannot prevent
punchthrough, a larger Ngyp value may need to be accepted, which in turn may possibly -
require an adjustment of the maximum acceptable Iofr.) :

The barrier-lowering analysis examines the effect of shrinking L to the minimum
value that can be fabricated with the best lithographic process at hand. At that length
the value of AVryge is calculated, using the DIBL model of choice. The value of the
long-channel off current Iofy,|c in the device designed using the strategy outlined above
now becomes the basis for determining the short-channel device Iy, according to

Totr = Iosf,1c exp (@AV 15e/kT) (5-93)

If Iofr is less than or equal to the target value, the device with that value of L will
succeed in meeting the circuit requirements and is deemed nominally manufacturable, If
Tofr is too high, either the channel length will need to be increased, or a larger value of
Tofr will need to be accommodated by changing the circuit design.

The term nominally manufacturable is used, because as the channel length is reduced, -
the sensitivity of V- to channel length variations increases. As already noted, the impact
of channel length variation is to require a more conservative setting of nominal-Iy¢f so
that devices with smaller than nominal V. vatues will still have acceptable off-currents.
As the channel length is reduced, at some point this lowered Iy estimate will encounter
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the same punchthrough limit already discussed. If channel length is under very tight
control, then Vi variations from length variation remains small, and only variation due
to changes in Vpg will matter. However, it is more common that channel length
variations will dominate the choice of Ly as illustrated in the next section.

5.6.2 Manufacturing Considerations in Submicron
MOSFET Device Design

As noted above, the "off"-current value in submicron MOSFETs must be maintained
over the range of manufacturing tolerances. For example, assume that a typical 0.8 um
NMOS transistor (i.e., the drawn channel length L is 0.8 ym) has an Lggr of 0.7 um
and a 3-sigma manufacturing tolerance on patterned gate length of £0.12 um. Hence,
the shortest Leff in a device that still meets the manufacturing tolerance (i.e., patterned
gate length is 0.68 pm) will be 0,58 pm. At this gate length, the CMOS devices will
still have to possess sufficient Vg control, satisfactory hot-carrier reliability, and
acceptable punchthrough characteristics. To enable a MOSFET to meet these
requirements, Ngup will need to be raised to a value higher than that needed for the
nominal device length. As a result, the performance of the nominal gate length device
(L = 0.8 um) will be degraded through increased source/drain junction capacitance and
subthreshold turnoff,

The importance of manufacturing control on patterned gate length is illustrated in
Fig. 5-49.57 This figure plots the NMOS and PMOS device leakage in the "off" state
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Fig. 5-49 NMOS and PMOS drive current, defined as the drain current for 5V applied to the
gate and drain, versus leakage in the off state with OV on the gate and 5V on the drain. The
parameter is gate length, with a target value of 0.8 um. From R.A. Haken et al,, "BiCMOS
Process Technology,” Chap. 3, p. 85, in BiCMOS Technology and Applications, A. Alvarez
Ed. Klewer, Norwell MA, Copyright 1989, Reprinted with permission.
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Fig. 5-50 First order MOS device design methodology. Horizontal design generally pre-
cedes the vertical profile design. The horizontal design is set to optimize intrinsic device delay
(Leff, Rgp). Vertical profile design is set to minimize short-channel effects.58 (© 1988 1EEE).

(in this figure Igy with OV on the gate and 5V on the drain), versus drive current, defined
as Ip when Vg = Vg = 5V, Although I is the x-axis variable, the actual parameter
being varied is L, since Ip is inversely proportional to L. In this example, for the
n-channel device, when L = 0.8 um (Lefr = 0.7 um), I is 400 pA/um. The device
design has been optimized for a patterned gate length of 0.8 pm with a manufacturing
3-¢ control on L of +0.12 um. According to Fig. 5-49, as the 3-0 manufacturing
control limit is reached, the device leakage current increases to ~10* pA/um (i.e., from
Fig. 5-49 the leakage starts to rapidly rise when Iy = 480 pgA/um, which means it is
occurring when L = 0.68 um, or Lefp = 0.58 um). Such high levels of device leakage
might cause circuits to become nonfunctional, or could cause them to fail a particular
circuit specification, such as maximum standby power.

5.7 DESIGN OF SUBMICRON NMOSFETS

We outline two approaches for the design of submicron NMOSFETSs that have appeared
in the literature. The first is fundamentally based on Eq. 5-87, while the second relies
on the off-current scaling approach.

5.7.1 Design Methodology Based on
the Subthreshold Scaling Equation

Figure 5-50 shows a flow-chart of the sleps taken in the subthreshold-scaling approach
to designing submicron MOSFETs in CMOS.%8 It assumes that the following circuit
constraints on the device are defined (as dictated by the application being served): the
power-supply voltage Vpp, the required drive current Iy, in 2A/um {or transconductance,
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gmh the required noise margin, the minimum intrinsic gate delay, and the maximum
allowed device degradation (long-term) due to hot-carrier effects (HEL in the diagram).

The given Vpp and noise-margin constraint determine the choice of Vq. Vpp and the
lithographic-processing capability limit the minimum channel length Lmis. By
thinning tox, Iy can be increased, but minimum tgy is set by Vpp and processing
constraints.

The maximum allowed parasitic resistance Rg depends on g, (which is really the
inverse of Re). For example, Rg may need to be kept smaller than 10% of Rcp. This
may then dictate the minimum horizontal dimensions of the drain and source regions,
and also the depth rj of the source and drain junctions. The required Rg value may also
determine the doping profile of the tip region of the LDD structure and may dictate
whether or not salicided source/drains are necessary. The minimum gate delay tq will be
impacted by the intrinsic device characteristics (i.e., Ip through Liin, and Cy through
Cgate and Cj). By minimizing gate area and source/drain junction areas, smaller Cgge
" and Cj can be realized. Lower substrate doping also decreases Cj.

The selection of the channel doping concentration {Nep) will be impacted by the
substrate concentration and the V-adjust implant. Vp and N, will determine the Vi
adjust implant dose. The drain design (e.g., an LDD) is impacted by the desire to keep
hot-carrier degradation to an acceptable value (see chap. 9). The depletion region widths
of the source and drain junctions - Wy and Wy, - are determined by Ncy, and the drain
structure design.

Once the values of tyx, rj, and Wy and Wp are determined, they are inserted into
Eq. 5-84. If the right hand side of the equation is a number smaller than Lyin with this
group of parameters, then according to past experience it is likely that a MOSFET with
this Ly can be successfully fabricated (i.¢., the device should satisfy the subthreshold
leakage current criterion given in section 3.6.1.2). Hence, if some acceptable
combination of manufacturable parameters meeting this criterion can be found,
fabrication success is likely. If not, a larger value of Liyjg may have to be accepted.

5.7.2 Design Methodology Based on
Required Off-Current Value

The flow chart of the Iogr design strategy of submicron MOSFETs is shown in Fig.
5-51.5% In summary, a MOSFET is designed by selecting what appears to be an
appropriate set of Vo and Tygf values, applying the principles of long-channel MOSFET
physics to derive the channel doping profile. Then the device length is shoricned and
punchthrough analysis and barrier-lowering analysis is performed on the shortened
device to ensure that the Iyep cireuit specification is still met. If not, the design
procedure must be repeated, trading off Vyand Iy against channel length until the best
set of parameters for the application at hand is achieved. Details of the various steps in
the flow chart were described in section 5.7.1.
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Fig. 5-51 A flow chart of the Igpp strategy. From LR, Brews, K.K. Ng, and R.K. Watts,
Chap. 1, "The Submicrometer Silicon MOSFET," in Submicron Integrated Circuits, RX.,

Watts, Ed.,Wiley-Interscience, New York, Copyright 1989, p. 24. Reprinted with .

permission.

5.8 SHORT-CHANNEL PMOS DEVICES IN CMOS

Early MOS ICs were built using PMOS technology, primarily because enhancement-
mode MOSFETs with suitable Vi values could only be fabricated as p-channel devices
using aluminum or n*-doped polysilicon gates and uniform lightly doped n-substrates.
That is, at that time it was not possible to produce enhancement-mode sn-channel
MOSFETs using nt-poly or Al gates on a uniform, lightly doped p-substrate because
such structures exhibit a negative threshold voltage (see Fig, 3-20). However, with the
advent of ion implantation it became possible to build NMOSFETs with positive Vs
by adjusting channel doping profiles. Thus, enhancement-mode and depletion-mode
NMOSFETs could then be fabricated with little extra difficulty. Since r-channel
transistors have greater drive current (and hence speed), NMOS naturally replaced PMOS
as the dominant digital IC technology. During this era of NMOS dominance, interest in
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+hannel MOSFETs languished. However, when CMOS arose to become the main
echnology for VLSI in the late 1980s, the need for enhancement-mode p-channel
OSFETs returned.

The fabrication of p-channel devices with short channels in CMOS, however,
resents some unique problems which arise from having to build both NMOS and
MOS devices on the same chip. The problems revolve around the choice of a doping
: pc for the polysilicon gate electrode and the impact that this choice has on the
fireshold voltage and other characteristics of PMOS devices.

8.1 PMOS Devices with nt-Polysilicon Gates

To: achieve high drive current it is necessary to make the threshold voltage of a
MOSFET as close to 0V as possible (with the minimum value limited by noise margin
ind subthreshold-leakage considerations). When MOS IC technologies were initially
peing developed Vo values with a magnitude of ~1V were acceptable. In early PMOS
and early p-well CMOS) it was relatively straightforward to build p-channel devices
ith Vo = -1V since the doping in the n-substrates was in the range of 1-3x10'? cm.
As'seen in Fig. 3-20, Vi, of PMOS devices made on such substrates is -0.8V to -1.OV,
which is well within the acceptable V- range.

owever, in #-well CMOS (which was developed after p-well CMOS), as well as in
win-well CMOS, the situation changes. That is, in n-well CMOS the doping in the
&1l is about 10x the doping in the substrate, making it at least 1x10'6 em™. Twin-
well CMOS becomes the well-architecture of choice as the gate lengths decrease below
about 1 pm. For 1 um MOS devices (both p- and r-channel) the substratc doping
density must be 2-3x10'¢ em3. Thus, as shown in Fig. 3-20, the V values of PMOS
devices made with n+-poly gates in either n-well or twin-well CMOS will be at least
5V, whose magnitude is too large. To make matters worse, in PMOSFETs with L
<'1 ym, punchthrough effects are more severe than in comparably sized NMOSFETs
{primarily due to the inability to make pt source/drain junctions as shallow as
n* junctions, as will be described later). To suppress such punchthrough current itis
necessary to increase the n-doping in the substrate (i.e., by an extra deep phosphorus
implant into the channel of PMOS devices). The resultant increase in channel doping
makes short-channel PMOS devices even more strongly enhancement mode (i.c., Vris
increased even more}.

For optimal logic-gate performance the threshold voltages of the #- and p-channel
devices in CMOS circuits should also have comparable magnitudes. In addition, to
allow for maximum current-driving capability, they should also be as small as possible.
Thus, for 5V CMOS technologies, desirable threshold voltages are 0.6 to 0.8V for V1,
f_md -0.6 to -0.8V for VTp- Furthermore, as mentioned above, the most common choice
for the gate material has historically been heavily doped n-type polysilicon. The work
function of n* polysilicon is ideal for n-channel devices since these yield threshold
voltages of less than 0.7 V for reasonable values of channel doping and oxide
thicknesses.*
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Figure 3-20 plots V1 for long-channel, uniformly doped MOSFETs with nt poly.
gates (left scale)’® as a function of p-substrate dopm‘r (assuming the substrate is
uniformly doped and that Qot = 0). The value of Vi, is less than 1.0V for gate-oxid
thicknesses of 25 nm or less and substrate dopings of less than 10'7 em™. Thus, V-,
can easily be adjusted to the desired values by implanting boron into the channel. :

However, when nt poly is the gate electrode of a PMOS device, adjustment of Vi
to -0.7 V is not as simple, especially as the PMOS channel lengths shrink below about.
2 pum. First, as we noted above, the magnitude of V¢ of PMOS devices when th
substrate doping exceeds 2x10' cm3 is significantly greater than -0.8V (e.g., -1.4V or
larger). Even higher values of substrate doping will be needed as the channel lengths are .
decreased below 1 pym, implying that V¢ would be even larger in submicron PMOS;:
devices with uniformly doped substrates. In addition, such short-channel PMQSFETs
are more prone to punchthrough than NMOSFETs of the same channel length. Thi
means that the substrate doping concentration will need to be increased even further in:
submicron PMOS devices to suppress these effects (e.g., by performing an additional’
deep n-type [phosphorus] implant into the channel region).

The increased susceptibility to punchthrough of scaled-down PMOS devices with:
uniformly doped channels is caused in part by the dopant used to form the source and:
drain regions of the PMOS device, i.¢., boron. Boron diffuses much more quickly than:
the dopant used to form the source and drain junctions in NMOSFETs (arsenic). As a
result, the junction depths of the p* regions in 1 pm PMOS are ~0.35 im, whereas the
n regions in 1 um NMOS are shallower (typically only ~0.2 um deep). The deeper
junctions accentuate the punchthrough susceptibility. The extra n-implant used to
suppress punchthrough mentioned above must also place the additional doping at a
depth below the source and drain depths to be effective (e.g., with a peak at ~0.15 um
and increased doping above the background level to a depth of ~0.5 m). This extra
implant, however, not only increases the Vy value to about -2V, but also increases the
source/drain-to-substrate capacitance. :

In any case, it is obvious that the magnitude of Vo in short-channel PMOS devices
of advanced CMOS technologies needs to be reduced, However, implanting the n-doped
substrate with more #-type dopant would only increase the magnitude of Vo, rather:
than bringing its value closer to the desired -0.7V. To reduce the magnitude of Vip.
when an 1t poly gate is used, a thin sheet of negarive charges must therefore be placed -
at the Si-8i0; interface. This is accomplished by implanting a shallow layer of boron ;
atoms, which as we know become negatively charged acceptor ions in the Si lattice.
The boron dose must be heavy enough to overcompensate the n-surface so that a
p-region (depleted of holes at Vs = 0V) is formed. This shifts Vrp toward more
positive values. In practice, the boron dose depends on the substrate doping, as shown -

* Note that the polysilicon layer may be combined with a layer of silicide for sheet resistance
reduction; since the polysilicon remains as the underlayer of the polycide, the work function
of the gate electrode will not be changed.
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TFig. 5-52 Simulation of the counter-doping dose versus n-type substrate concentration for

a:fixed p-channel threshold voltage of -0.6Y.)15 (© 1984 IEEE).

in Fig. 5-52 for devices with tox = 15 nm in which a Vyp = -0.6V is desited. Typical
‘doses of such implanted layers are of the order of 5x10!! cm? at 25 keV.

The fact that boron is implanted to adjust both V'r; and Vp in CMOS circuits with
‘" poly gates suggests that a single implant could be used instead of two separate
mplants. Figure 5-53 shows that this can be accomplished if the appropriate
background dopings are chosen for the substrate and the well.”! On the other hand, it
‘may be decided to use two separate implants in order o achieve better short-channel
behavior through individual optimization of the n- and p-channel devices. In the latter
case, if the boron dose needed to adjust Vg is smaller than the dose needed to adjust
Vg, the former implant can be made into both the p- and a-channel regions without use
‘of a mask. Then the second implant for adjusting V5, is done with a mask that protects
the n-well region. (A third boron implant may also be performed at that time to
suppress punchthrough in the n-channel devices.) In other processes, however, it may
be necessary to use a separate mask for both the V- and Vepy-adjust implants.

5.8.2 Why PMOS Devices with n* Poly Gates and
Implanted p-Surface Layers Exhibit Enhanced
. Susceptibility to Short-Channel Effects

The result of implanting boron atoms to adjust Vp is that such PMOS devices exhibit
worse short-channel effects than NMOSFETSs with the same L. This susceptibility
arises mainly because the implanted boron layer has a finite thickness (i.¢., instead of
being an infinitely-thin sheet of charge at the surface, as would exist in the ideal case).
Figure 3-54 illustrates this fact, in which the channel doping profile of a PMOS device
with such a boron implant is seen to extend well below the channel surface. The
penetration of the p-layer into the n-substrate gives rise to two phenomena not observed
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in surface-channel NMOSFETSs: (1) a pn junction is formed beneath the gate oxide jn’
the channel, extending to a depth Yj (as can also be seen in Fig. 5-54); and (2) the :
potential minimum is moved away from the surface. The latter effect gives rise tg
important device-behavior effects that differ from those of surface-channel MOSFET;
We explain this behavior by first comparing the location of the potential minimum i
such boron-implanted-layer PMOSFETs to its location in surface-channel MOSFETs,
Figure 5-55 shows the one-dimensional potential diagrams of two PMOS devices,
one with a p*-polysilicon gate and a uniformly doped n-substrate (3.4x10'6 cm3), ang
the other with a n*-polysilicon gate and a shallow boron Vy-adjust implant. In both
devices Vgg = 0V, and Vg = -5V. The potential profile is taken at the point along the
channel at which the fongitudinal field vanishes (1o match the fact that in a MOS-C
there is also no longitudinal electric field). In the p*-poly gate device the potential
minimum is located at the surface, implying that such a device will operate much like *
the surface-channel NMOSFETs described in chap. 4. In the PMOS structure with the
n*-poly gate and boron Vy-adjust implant, however, we see that the potential minimum
is away from the Si surface. The mobile carriers (holes) will thus be found at highest -
density near the location of the potential minimum. This implies that, unlike in the
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Fig. 5-53 Thresheld voltages of n-channel (Vy) and p-channel (Vrp) transistors as a -

function of boron threshold-adjustment dose. The CMOS structure uses an n#-well implanted
into a p-substrate (whose doping level is 6x10'4 atoms/em3), Vrp results are shown for

various implant doses of the n-well,’! (© 1980 IEEE).
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case of conventional surface-channel devices, more current will flow in a channel
beneath the surface of the device than at the surface.” Such PMOS devices are therefore
referred to as buried-channel (BC) transistors. As also seen in Fig, 5-56 (which gives the
© calculated variation of the potential as a function of distance below the surface as the
channel pn junction depth is varied), the potential minimum moves further into the
substrate as the thickness of the implanted p-layer is increased. The mobility of carriers
in the buried channel is ~15% higher than carriers at the surface, and thus BC
- MOSFETs exhibit a somewhat larger drive current than comparable surface channel
FETs. While this is an advantage, it is outweighed by several other disadvantages
exhibited by BC FETs. Let us examine how the presence of the channel junction and
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Fig. 5-35 Simulations of the electrical potential perpendicular to the surface in the channel
region of two long-channel PMOS devices using GEMINI and SUPREM III simulations of
devices with n* polysilicon and p* polysilicon gates with effective gate lengths of 20
um.114 (© 1985 IEEE).
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Fig. 5-56 Channel potential profile versus vertical distance for a p-channel MOSFET wit

Y= 0.1, 0.15, and 0.2 ym, and Ypg=- 3V and Vgg = 0V.115 (@ 1984 IEEE).

the shifting of the potential minimum beneath the Si surface worsen the susceptibilit
of the PMOS device to short-channel effects.

5.8.2.1 Threshold-Voltage Roll-Off in Buried-Channel PMOS
As the channel length of MOSFETs is decreased, the threshold voltage decreases from
the value it exhibits in long-channel devices. This effect, as described in section 5.2.2
is referred to as Vi-roll-off. The Vp-roll-off effect is more severe in BC PMOS devices:
than in surface channel FETs (Fig. 5-57a).11% This is due to an effect in BC FETs that'
does not oceur in surface-channel FETs. That is, the implanted p-layer is a lightly:
doped p-region that extends entircly between the p* source and drain regions of the
device. Holes diffuse from the regions of high concentration into the lightly doped laycr
as depicted in Fig. 5-57b.1% The diffusion length dj is given by!?

dp = Lp tant [ (N,*/N,)2) (5-94).
where
Lp = [(2 Xsi€o KT)(g? Ny (5-95):

and Nj* and Ny~ are the doping levels in the p*-source/drain and p-layer regions,
respectively. If the diffusion length is smaller than half the channel length, the net
effect of this hole diffusion is to increase the effective positive charge in the channel,
thus making its threshold voltage smaller in magnitude. As the channel ength is .
decreased, the proportionate contributicn of the diffused mobile charge to the total -
channel charge increases, and as a result, the threshold is shifted to smaller values. :
Eventually, at short enough channel lengths, the diffused hole distribution from the .
source meets that from the drain.'® When that occurs, the potential barrier between the
source and drain is reduced, giving rise to poor subthreshold characteristics. :
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- Fig. 5-57 (a) Threshold voltage variation as a function of channel length Lefr in surface-
channel (p*-poly gate) and buried-channel (n*-poly gate) PMOSFETs.!'* (© 1985 IEEE}. (b)
" The origin of short-channel threshold shifts in buried-channel PMOS transistors. From A.G.
" Lewis and 1.Y. Chen, "Current Trends in MOS Process Integration,” in N.G. Einspruch and G.
Gildenblatt, Eds. Advanced MOS Device Physics, Academic Press, San Diego CA, 1989, p.
" 58. Reprinted with Permission.

Experimental values of Vo in BC PMOS devices with a gate oxide thickness of 15 nm
versus channel length are shown in Fig. 5-58a. As in Fig. 5-57a we see that the
magnitude of V decreases as L is reduced. Simulation studies indicate that the severity
of the V roll-off is increased as Yj is made deeper (see Fig. 5-58b). This is due to the
fact that more holes are able to diffuse into the thicker p-layer of the channel region
from the source/drain regions as Yj is made deeper, accentuating the roll-off effect. As in
surface channel devices, Vo roll-off is decreased as toy is made smaller (Fig. 5-58¢).
Thus, we conclude that smaller Yj and Lo values are needed to mitigate the V-roll-off
effect in BC PMOS.
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Fig. 5.58 (a) Experimental data of p-channel threshold voltage versus Legf for gate oxide
thickness of 15 nm. (b) Simulation of threshold voltage versus Lefr for p-channel MOSFETSs
with different Yj. {c) Simulated p-channel threshold voltage versus Lefr for two different gate
oxide thicknesses. From K. M. Cham, et al., Computer Aided Design and VLSI Device
Development. p. 187-8, Copyright 1986 Kluwer Academic Publishers. Reprinted with
permission.

Dell Ex. 1008C
Page 235




