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Two-dimensional simulations of the potential in the channel regions of short 
channel NMOSFETs with VT-adjust implants support the view that depletion-region 
widening is greater beneath the surface. In addition, they indicate that the point of 
maximum source-substrate potential energy barrier lowering is also beneath the Si-SiO2 

interface (generally at approximately the same depth as the source/drain junction depths). 
Figures 5-23a, c, e and g show a "bird1s eye" or perspective view of the electrostatic 
potential variation in a short-channel MOSFET computed using such 2-D numerical 
analyses, as Vos is increased from Vos= 3V to Vos= 9V. Figures 5-23b, d, f and h 
show contour plots of these same results. We can see that when the device enters punch­
through the location of the electrostatic potential saddle point is beneath the surface, and 
the value of the potential at this saddle point may be higher than the potential 
minimum at the surface. Since electrons follow the potential peak (see Figs. 5-23g and 
i), in such cases the component of current due to subsurface punchthrough will be larger 
than the channel-current component, and the subsurface current will flow along the path 
indicated by the subsurface potential ridge connecting the source and drain. Figure 5-2lc 
shows a simulation of the subthreshold current paths in an NMOSFET with L = 0.6 
µm for surface-DIEL (i.e., Vos= 0.5V) and for subsurface-DIEL (punchthrough, Vos= 
3.5V). This shows that the subthreshold current path transfers from the surface to the 
bulk as Vos increases, which supports the view that at low Vos surface-DIEL is 
responsible for the increase in lost in short-channel NMOSFETs, but that at high Vos 
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 V PT defined as the value of Vos at 
which lost reaches some specific magnitude (e.g., I nAlµm) when Vas= 0. The goal in 
designing a MOSFET is to have V PT exceed any possible operating Vos- Thus, V PT is 
measured when the device is in subthreshold, as will be discussed in upcoming 
paragraphs. Note that V PT can be roughly estimated by determining the value of Vos at 
which the sum of the depletion widths Ws under the source and W0 under the drain 
(using the value of the doping concentration in the substrate as Nsu8 ) equals the channel 

length L, or from the expression24 

VrT oc Nsua (L - rj)3 (5 - 17) 

Nevertheless, no accurate analytical model exists for estimating VrT 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 V PT for each device structure. 

Several measures can be taken to prevent short-channel MOSFETs from entering 
subsurface punchthrough. First, the substrate doping can be increased to decrease the 
depletion-layer widths. A simple rule-of-thumb proposed by Klaasen25 is to select a 
minimum substrate doping value according to Nsua>Nchil0, where NsuB is the 
uniform bulk-substrate doping/cm3 and Nch is the average doping/cm3 in the implanted 
region of the channel (e.g., D1ixcl- This approach, together with a single Vradjust 
implant can produce appropriate threshold and punchthrough voltages for NMOSFETs 

Dell Ex. 1008C
Page 174



236 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

Cjl 

(a) 

t Cjl 

]! Vbi+SV 'Psurf c 
2 

Vbi. \\' 0 
o._ 

X \ 

(c) 
~ x~ 

y 

(d) 

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 µm. (band 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 (e) 7 V and (g) 9 V, respectively. Channel length= I µm. (f and h) 2-D 
contour plots of the same cases. From K. M. Cham, et al., Computer Aided De,ign & 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 µm nominally operated at 2.5V power supply (e.g., a 
single 20 keV B+ implant at ~9xl0II cm·2). A similar process has also been applied to 
1.25 µm CMOS devices using a 5V supply. Although some short-channel effects are 
observed, VT and V PT voltages are reasonable. However, for devices with drawn gate 
lengths of~ I µm (Leff ~0.55 µm), a single VT/punchthrough implant cannot adequately 
satisfy all requirements, especially if high resistivity (>IO Q-cm) substrates are used. 

As a result, another approach using an additional implant known as a punchthrough 
stopper implant (or punchthrough implant, PT!) 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 NMOSFETs) 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 lost value in MOSFETs down 
to 0.5 µm, while still maintaining a lower value of Nsua (for reduced values of Cj). 
However, precise control of the placement and dose of this implant within the channel 
region is required to achieve the intended enhancements. For example, Fig. 5-24b shows 
the as-implanted doping profile of the channel with (dashed line) and without (solid line) 
a punchthrough implant (i.e., prior to annealing the implants). In addition, it is 
important to keep the punchthrough implant profiles from spreading out appreciably 
during annealing (see Fig. 5-24c), since the additional doping above the well's value 
adds to the source/drain-to-well capacitance and the transistor's threshold voltage 
sensitivity to back biasing of thep-well. Thus, the post channel implant thermal cycles 
should be kept to a minimum. An example of such a punchthrough implant for a 1 µm 
NMOSFETs is a 70 keV B+ implant at 6x!011 cm·2. 

A third technique 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, 
punch through 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 µm, lox = 15 nm, and operated at 3V has been 
reported. 26 The junction depth rj and p-halo peak doping were ~0.14 µm and 
~3x!0 17 cm·3 , respectively. A more recent report applied a large-angle tilt (LAT) 
implant of boron ions in NMOS and phosphorus in PMOS (Fig. 5-25c) to form a halo­
like structure in each device (called a self-aligned pocket implantation). A tilt angle of 
25-30° was used to implant the pocket dopants after gate formation, so that the gate 
structure acted as a self-aligned implant mask. Devices with channel lengths as small as 
0.2 µm that still exhibited long-channel subthreshold VT behavior were fabricated.27 
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Fig. 5-24 {a) An implanted NMOS structure with three regions of different doping. Level A 
contains the dopant from the VT implant. Level B contains the dopant from the punchthrough 

control implant, considered to be a Gaussian centered at a distance Rp from the gate, with a 

straggle a. Level C is the original substrate. (b) As--irnplanted channel doping profiles with 

(dashed line) and without (solid line) punchthrough implant. (c) Example of simulated 
channel impurity profile of an NMOSFET with both VT and punchthrough control implants -

as-implanted (dashed lines), and after anneal (solid line). 113 (© 1982 IEEE). 
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Fig. 5-25 (a) "Halo" NMOS structure.26 (© 1985 IEEE). (b) Yosmax limited by avalanche 
breakdown versus channel length for various peak halo doses.26 (© 1985 IEEE). Process for 
producing "halo" NMOS structure using a Self-Aligned Pocket Implantation [SPI] technology 
is shown.27 (© 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 Vos can be monitored by measuring log lost vs. Vas for different 
Vos values (Figs. 5-2la and b). If the curves look like those of Fig. 5-2la, the device 
does not exhibit subsurface punchthrough up to the maximum Vos applied (since the 
slope of the log lost curves remain constant as Vos is increased). The curves of Fig. 5-
21 b however, indicate that punchthrough is setting in, with its onset marked by the 
Vos-curve having a larger St value than that exhibited at small Vos· (Note that since 
punchthrough current flows in parallel with ordinary lost, St will noticeably increase 
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Vas (VJ--

Fig. 5-26 Simulated behavior of lost versus Vas for various channel lengths, fj = 0.33 µrn, 
tox = 500A, Vos = 2V, and V BS = OV .109 Reprinted with permission of Solid State Electronics. 

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

One way to detect the onset of punchthrough in a family of devices with varying 
channel lengths is to plot log lost vs. V GS for a fixed Vos for the devices of different 
channel lengths on a single graph (Fig. 5-26). A second method is to measure St at a 
fixed Vos 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 on St versus channel 
length is depicted. A third way is to measure 10 vs Vos at V GS= 0, and to pick off the 
Vos value when lost reaches the specified value (e.g., 0.1 µNµm). 

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-µm MOSFET with a substrate 
doping of l.9x!015 cm-3 (but without a punchthrough-stopping implant) shows a very 
large St value (and hence a large lost when V GS= 0 V - curve A). The large lost at V GS 
= 0V indicates that the device is in punchthrough even when Vos= 0V.28 Implants of 
boron with a dose of 8xl0 11 atoms/cm2 and different energies are then performed in an 
attempt to produce a VT and an St equal to the values exhibited by a long-channel (7.8 
µm) device (curve B). If the punchthrough implant is too shallow, it has the effect of 
increasing the VT of the device to well beyond the desired value (curve C). When the 
energy is increased so that the implant is sufficiently deep, St 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 VT is not 
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Fig. 5-27 Subthreshold slope versus electrical channel length for NMOS devices Vy::: 

0.7V, having a common threshold adjustment implant and punchthrough implant doses of: 
(a) zero; (b) 2x1011 cm·2; (c) 3xl0 11 cm·2.29 Reprinted with permission of Semiconductor 
International. 

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

In another example, the St of a device without a punchthrough-prevention implant is 
measured as its length is varied (Fig. 5-27).29 At an Leff of ~0.85 µm the St starts to 
increase, indicating that punchthrough current begins to dominate lost• By adding an 
implant that places boron atoms in subsurface region below the V ,adjust implant, the 
punchthrough component of lost is suppressed so that it is not observed until Leff 

becomes nearly as small as 0.5 µm. Again, the price of an increased punchthrough 
implant dose is an increase in St, This tradeoff is discussed in more detail in the section 
on device scaling based on 10 rr (that is, on lost at Vas = 0). 

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 V PT· It is also often 
convenient to use punchthrough voltage (VPT) as a device parameter during the tasks of 
device scaling and device design. Unfortunately, the amount of drain current used to 
define V PT 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 to be able to predict the actual 
value of subthreshold surface-DIEL 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 cp, 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 cp and then uses this solution in an 
analytical expression to calculate lost (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-DIEL and subsurface-DIEL (punchthrough) effects in MOSFETs. 

This method uses the numerical techniques described 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 lost· That is, the value of the electrostatic 
potential at its minimum point, together with its variation in the vicinity of this 
minimum point, is used in the calculation of lost, 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 1.9xl015 atoms/cm3, source/drain junctions are 0.47 µm deep, t0 x = 575A, and Vos= 5V, 
and V BS = OV. Devices A and B have no channel implant, and devices C and E have a boron 

channel implant of 8x1011 atoms/cm2 at various energies.28 (© 197,8 IEEE). 
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topics discussed in this chapter and elsewhere in the book.2,5,74,114,11s,116 
The analytical expression for lost used in this approach is 

* 2 
I D Z t "i [ q , * v )] { -qVos } Ost = - q n --exp ----,_q, - s I - exp(--) 

L * NA kT kT 
(5 - 18a) 

Note that this equation has the same basic form as the general expression derived for 
lost in long-channel MOSFETs in chap. 4 (i.e. Eq. 4-89). When V 0s2'0.1 V (the only 
operating condition of practical interest), Eq. 5-18a reduces to the foliowing expression, 
which now has a form similar to that ofEq. 4-90 (but with some important differences): 

lost 
* 2 

D Z t "i [ q I * V )] =-q" --exp----,_q,- s 
L * NA kT 

(5 - 18b) 

That is, in Eq. 5-18, q>* 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-DIEL 
dominates lost, or at the saddlepoint in the bulk region when subsurface-DIEL 
[punehthrough] dominates lost), and Vs 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. Point Pis 
taken as the origin of a coordinate system (r,0) with the r axis oriented along the current 
path and the 0 axis oriented in the orthogonal direction at P (see Fig. 5-29). The 

SOURCE 

GATE 

IMPLANTED 
CHANNEL 

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.2 (© 1980 IEEE). 
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electrostatic potential cp* at P corresponds to a potential minimum along the r axis and 
to a potential maximum along the 0 axis. The value of cp* used in Eq. 5-18b is 
determined by numerically solving the 2-D form of the Poisson equation in the device 
region. The functional variation of the electrostatic potential at some point (r,0) in the 
vicinity of point P with respect to the value cp* is h (r,0). Hence, the electrostatic 
potential at point (r,0) can be written as cp(r,0) = cp* + h (r,0). 

In addition, the inversion layer thickness t;nv 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 model surface-DIEL, 
the values oft* and L* are the same as in Eq. 4-90 (i.e., t* and L* in Eq. 5-18 in this 
case become t;nv and L). Hence, the only difference between 5-18 when it is modeling 
surface-DIEL-induced lost and Eq. 4-90 is the use of cp* instead of 'Psurf (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 cp = cp* + itkT/4q, and t* is the distance along the 0 axis 
between C and D where cp = cp* - itkT/4q. The functional variation of cp 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.2-115 

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-DIEL 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 & !), 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 VT and Ci V Tse break down in 
devices that exhibit severe DIBL (surface and/or subsurface), because the log 10 vs.Vas 
plots depend sensitively on the value of Vos- That, is ifa VT is defined as the Vas at 
which a specific 10 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 
Vos is changed. It is for this reason that a 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 long-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. One 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) lost versus Vas 
characteristics at Y ss = OV and various Vos values for a series of MOSFETs with electrical 
channel lengths from 0.8 to 2.3 µm. The parameters in the VDT calculations are fj = 0.27 
µm, lox = 280A, and Z = 50 µm. JO (© I 988 IEEE). 

lated simultaneously.30 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 Nch and NsuB are replaced 
by reduced values Nch * and Nsue *. 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 
µm and with Vos as large as 5.5V (see Fig. 5-30). 
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5.4 SHORT-CHANNEL EFFECTS ON THE 1-V 
CHARACTERISTICS OF MOSFETS OPERATED 
IN THE STRONG INVERSION REGIME 

Short-channel effects significantly alter the de I0-V 0s 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 VT· Second, the 
mobility of the carriers in the channel is reduced by two effects, which in turn reduces 
I0. 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 Vos >[Vas -
VT]), causing an increase in Iosat with increasing Vos (channel-modulation effect). 
Figure 5-31 shows the I-V characteristics of an MOS device.31 The curves in Fig. 
5-3la are those of an ideal long-channel MOS device, while those in Fig. 5-3lb show 
the effect of adding the channel modulation factor. Figure 5-3 le shows the effect of 
adding the velocity saturation factor to the curves of Fig. 5-31 b. 

Here we describe some relatively simple models which allow an analytical de model 
of the I0 -V 0s characteristics of short-channel MOSFETs to be obtained. These analytical 
models allow circuit designers to estimate such de parameters as Io and gm 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 . -~ OE = 0 ' = 0 

1 = 0 a = 1 

la) 

Vd, 

~ - DE= 0 ' > 0 
1 = 0 a = 1 

lb) 

Vd, 

• ...;i, OE= 0 ' > 0 
1 > 0 a'> 1 

lei 

Vd, 
Fig. 5-31 The 1-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.31 (© 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 Io to be calculated merely from a knowledge 
of device width Z, channel length L, the device threshold voltage VT• the gate oxide 
thickness lox, the source/drain junction depth rj, and with (Vas - VT) 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 de MOSFET models (chap. 4) we assumed that the channel 
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, normal, 
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 I0 -V os 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 (µ11 and µp, respectively), are a measure of the ease 
of carrier motion in a semiconductor crystal. In the semiconductor bulk (i.e., at a 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 well-defined and documented material constants. (In lightly doped silicon at 300K, 
µ11 and µPare~ 1350 cm2/V sec and ~500 cm2/V sec, respectively.) 

Carrier transport in the MOSFET, however, primarily occurs in the surface 
inversion layer. The lateral electric field due to Vos acts to accelerate the carriers 
parallel to the Si-Si02 interface, whereupon they suffer scattering much as in the bulk. 
The transverse field, however, also causes the carriers to be accelerated toward the Si­
Si02 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 NA, 
N0 <I0 17 cm-3, the mobilities of electrons and holes in the inversion layer at VGs = VT 
are µ110 ~670 cm2/V sec and µpo~ 160 cm2/V sec, respectively.) The surface-scattering 
mechanisms include phonons, coulombic scattering sites, and surface roughness (see 
chap. 7). For a good quality Si-Si02 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 Visualization of surface scattering at the Si-SiO2 interface. 119 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., >-3x I 03 

V /cm 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 6x 106 

to lxl07 cm/sec, while that of holes is between 4-to-8xl06 cm/sec.32 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 
scattering of the carriers near the surface, which thereby lowers the average carrier 
mobility. According to Eq. 4-65 when Vos is small, i.e., V0 s<<(V 0s - VT), we can 
determine the mobility of the electrons in the MOSFET channel by measuring the slope 
of the I0 -V os characteristic at fixed Vos.· 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 (µn 0 ) found to be only one-half 
to two-thirds that of the low-field bulk electron mobility, but µn 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 µeff) 
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is33 

(5 - 18) 

(5 - 19) 

where µ0 is µno for electrons and µpo for holes, Ex is the transverse field in the silicon 

at the Si-SiO2 interface, and 0 is an empirical parameter found to be technologically and 

substrate-bias dependent. While it is difficult to assign a coherent physical interpretation 
to 0, it's value has been empirically determined to be JQ-7-J0-6cmN. 

To improve the agreement between calculated and experimental values, an alternative 
empirical expression to that of Eq. 5-18 for the effective mobility was proposed, 
namely34 

(5 - 20) 

where Ecrit and UEXP are empirically determined constants. This expression was used 
together with the results of Sabnis and Clemens,35 who showed in 1978 that the 
channel carrier mobility on the ( 100) surface of silicon is a unique function of the 
effective transverse field, teff (which is defined as the field averaged over the electron 
distribution in the inversion layer). The expression of Sabnis and Clemens for teff is 
given by 

(5 -21) 

Equation 5-21 can be understood as follows: The electric field at the Si-SiO2 interface 
Esi (x = 0) can be written in terms of the total charge per unit area in the Si 

Esi (x = 0) = Qc I KsiEo (Eq. 3-17) (5 - 22) 

If an inversion layer exists, Qc = QB + Q1. If no inversion layer exists, Qc = Q3. 
Thus, Esii(x = 0) = (Q8 + Q1)/KsiEo and Esi2 (x = 0) = QB IKsiEo 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 Xi and the depletion region is the same as at x = 0 
if no inversion layer exists, or Esi (x ;;;;; Xj) = Qn IKsiEo, Thus, the effective transverse 
electric field within the channel can be approximated as the average of Esii(x = 0) and 
Esi (x = Xj), or 

Ceff = [Esi1(X = 0) + Csi (x = Xj)] /2 

If we express Eq. 5-23 in terms of Q1 and Q8 we get 

(5 - 23) 

Ceff = [ QB + Q1 + Qn] I 2KsiEo = [ Qs + (Qi/2) ) /KsiEo (5 - 24) 

Eq. 5-24 can be approximated as 
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Then, if Eq. 5-25 is substituted into Eq. 5-20 the following expression is obtained 

(5 - 26) 

where Ucrit is 2Ecrit· Equation 5-26 is the model used to calculate µeff in the Level-2 
MOSFET model in SPICE.* 

In 1986 Liang et al36 developed a modified form of the model of Eq. 5-26 for µeff 
also based on the concept of teff• Their equation has the form: 

(5 - 27) 

where Ecrit and v are empirically determined constants. Values for these parameters are 
shown in Table 5-2. Universal curves for µ 0 ff for electrons and holes at room 
temperature as a function of Eeff calculated using Eq. 5-27 are shown in Fig. 5-33. 

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

(5 - 28) 

where it has been semi-empirically determined that Va a; 0.5V in typical n+ polysilicon 
gate MOSFETs (e.g., for NMOS and PMOS devices in an n+ polysilicon gate CMOS 
technology with VTn = 0.7V and VTp = -0.7V).37 Note that in this equation it is 
assumed that Q1 = Cox (Vas - VT). Since this assumption overestimates Q1 at low 

(Vas - VT),38 the teff according to Eq. 5-28 would be higher than its actual value. 
But, the error is small for (Vas - VT)>IV. 

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 as 
a function of (Vas - VT). 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 aI.39 

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-SiO2 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-I 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 5-2. Parameters for the Effective Mobility Models for Electrons 
and Holes36 

Electron Hole Hole 
(surface) (surface) (buried channel) 

µ0 (cm2/ V sec) 670 160 290 

£0 (MV/cm) 0.67 0.7 0.35 
V 1.6 

several empirical models developed to describe the dependence of the carrier velocity on 

lateral field (v-Ey).40•41 •42 Two of the most widely used are 

Model I v = µeff £ I { I + (£ /Esatl" } l/cx (5 - 29) 

where Esat and a are empirically determined parameters (i.e., a= 2 for electrons and 
a<2 for holes). In Model II, the a term in Model I is taken to be unity, allowing Eq. 
5-29 to become 550 ~-~ ,~~~--~~~~~~-~ 'I._ x· I I 
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Fig. 5-33 Measured universal µeff versus Eeff curves for electrons and holes in the 

inversion layer. 36 (© 1986 IEEE). 
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Fig. 5-34 Calculated µeff of current carrier versus (Vas - VT) for three different values of 
t0 x: (a) NMOS device and (b) PMOS devices. The "buried-channel" parameters in Table 5-2 

are used for PMOS. (From 36 © 1986 IEEE) and46 © 1988 IEEE). 

Model II v = µeff £ I { 1 + (£/!:.sat)} (5 - 30) 

A comparison of these two models with experimental data for electrons is shown in 
Fig. 5-35.43 It 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 saturation 
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 into an expression to 
calculate I0 , a solution could only be obtained by carrying out a prohibitively complex 
calculation.44 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 III v = µeff I:. I { 1 + (£ /1:.satl} (5 -3la) 

= Vsat !:. > tsat (5 - 31b) 
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By using this model in the expression which calculates I0 a closed-form solution of the 
I0-V os characteristics of the MOSFET is obtained. In addition, the carrier velocity 
saturates at Esat· Esat can be expressed in terms of Vsat and µeff by matching the 
carrier velocities given by Eqs. 5-31a and 5-3lb at E = Esat• Therefore, 

Vsat = µeff Esat I [I + (Esat /Esat)l 
or 

(5 - 32) 

(5 - 33) 

This model is also plotted in Fig. 5-35 over a wide range of electric fields. Note that it 

slightly overestimates the carrier velocity near Esat• 

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 models 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 I0-V 0s and gm for 
devices with channel lengths down to ~ I µm. 45,46 
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Fig. 5-35 Comparison of velocity-field models: models A and B as given in Eqs. 5-29 and 
5-30, respectively. The piecewise model is given in Eq. 5-31, and µ0 = 710 cm2/V-sec, v5at 

= Ixl07 cm/sec. 38 Reprinted with permission of Solid State Electronics. 
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We first note that the factors resulting from both mobility degradation due to 
transverse fields and velocity saturation effects are outside of the integral in the 
equations used to calculate Io (see Eqs. 4-16 and 4-19). Hence, they merely serve as 
multiplicative factors if incorporated 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 I0 -V os characteristics. Here, for 
mathematical simplicity, we elect to use the square-law model of section 4.5.5 for this 
purpose. To complete the de short-channel MOSFET model, however, we will later still 
need to add some discussion of the short-channel effects that occur when the MOSFET 
is operated in saturation (i.e., 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 de 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 de I0-V os equation of the 

square-law model (Eq. 4-68) is 

Io = (5 - 34) 

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

I0 (5-34 )/10 ( 4-68) = ( µeff I µn ) [ 1/ ( I + (Vos /EsatL)}] (5 - 35) 

Note that since E,at and L appear as a product term in both Eqs. 5-22 and 5-23, a 
MOSFET is "long-channel-like" if either Esat or Lis large. Therefore, a MOSFET 
with a thinner gate oxide is more 11 long-channel-like" because the thinner oxide will 
produce a larger transverse field, making the carrier mobility lower so that Esat is high. 

The saturation drain voltage Vossat can next be calculated by equating the current at 
the drain to the current given by Eq. 5-34 when Vos= Vossat· 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 ZQ1 = C0 x(Vas - VT- Vossatl and 
the drift velocity is v,at· Therefore the current is 

Io = Z v,at Cox [Vas - VT - Vossatl (5 - 36a) 

z [Vas - VT - (VoSsati2)] VoSsai [ l ] (5 - 36b) 
L µeff Cox l + (Vos'Esat L) 

After some algebra, an expression for V ossat is obtained 

Dell Ex. 1008C
Page 194



256 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

250 

200 

" ..,. 100 

80 

(o) DEVICE B NMOS, 2p.m 130nm 
....... MEASURED -- CALCULATED .. ···········. 

(b) DEVICE E PMOS, 2.3J.Lm,30nm 

•·•·••• MEASURED ----1 
-- CALCULATED 

2 3 

vd, cv> 
4 5 6 

Fig. 5~36 Measured and calculated 1-V characteristics for a (a) NMOS device and (b) a PMOS 
device.46 (© 1988 IEEE). 

V _ tsatL [Vos- VT] 
DS6at -

(Vos- VT) + EsatL 
(5 - 37) 

where tsat is the critical field for velocity saturation (~4xl04 V/cm). 
The saturation drain current can be determined by substituting Eq. 5-37 into Eq. 

5-36a to get 

losat = (5 - 38) 

The small-signal saturation trnnsconductance gmsat can be found by differentiating Eq. 
5-36a with respect to Vas: 

8msat = Z Vsat Cox [l - ( dVossat I dVas )] (5 - 39) 

Equations 5-36, 5-38, and 5-39 form the core equations of this simple model for 
calculating the de drain characteristics for short-channel MOSFETs. Some modeling 
results using these equations are shown in Figs. 5-36a and b.46 (Note that the Io values 
for V 0 5 > Vossat 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 µm. 47 For example, agreement between calculated and measured values of 
8m is better than ±6 percent over most of the gate voltage range for channel lengths 

from 3 µm down to I µm. 
Equation 5-37 indicates that as the channel length is decreased, the channel field at 

the drain end will reach E,at at a lower value of Vos- Thus, Vossat is predicted to 
decrease with decreasing Las well. When the gate oxide thickness is made smaller, µeff 
decreases because teffiS larger (see Eq. 5-27). Consequently, Esat will increase, and so 
will Vossat· MOSFETs with thin gate oxides thus appear more "long-channel-like," as 
was discussed earlier. 

The short-channel de model of the MOSFET given by Eq. 5-36 also predicts four 
effects that impact the value oflosat in short-channel devices not addressed by the long­
channel de models. First, mobility degradation reduces losat in short-channel devices by 
a factor (µeff /µ0 ). Since the effective mobility decreases as V GS increases, this indicates 
that losat can be significantly reduced for large gate voltages. Second, losat 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 VosiEsat-
Third, Eq. 5-36 indicates that if the product E,atL is large compared to (VGs - VT), 

then losat varies quadratically with (VGs-VT). On the other hand, if(VGs-VT)>>tsatL 
then losat becomes linearly proportional to (VGs - VT)- Since one of the criteria in 
Table 5-1 for long-channel behavior is that Iosat ~ (V GS - VT)2, long-channel behavior 
will be exhibited by devices in which either L or Esat is large. On the other hand, if L 
or Esat are both small, such that EsatL <<(VGs - VT), 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 (VGs - VT) is small enough. The drain 
current under this situation is given by 

(5 - 40) 

In shorter channel MOSFETs there is an observable trend toward a linear variation of 
losat with (VGs - VT) 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 Vossat approaches zero). In such cases, Eq. 5-36 indicates that 
the drain current is independent of L, and losat is given by 

(5 - 41a) 

Under this condition, even the carriers at the source [whose density is given by 
Cox (V GS - VT)] are velocity saturated. 
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However, Iosat of a device with practical geometries is always lower than the 
maximum predicted by Eq. 5-4lb. As a result, an ideality factor K has been defined as a 
useful figure of merit which indicates how close Iosat in a real device comes to that in 
an ideal device. This factor is inserted in Eq. 5-4 I b to yield 

losat = K [vsat Z Caxl (VGs - VT) where K <I (5 - 41b) 

Then if we compare Eqs. 5-36 and 5-4 I b, we obtain a definition of as 

(5 - 41c) 

This factor is a very handy parameter for device performance evaluation. That is, if an 
NMOS device with tax = 60 nm and L = I µm saturates at a Vos of 1.3V when 
(V GS - VT)= 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. 5-4lc is plotted against L for two different oxide thicknesses in Fig. 5-37c. The 
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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. (c) The calculated drain 
current ideality factor KI versus L for different gate-oxide thicknesses. Solid lines: tox = 
250,1-; dotted lines tax= IOOA.46 (© 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 µm), K 
approaches unity independent of tax• Thus, losat becomes proportional to Cox· Since, 
in MOSFETs with very short channels, losat becomes independent of channel length, 
the chief means of increasing losat will be to make t0 x as thin as possible (i.e., the 
device driving current will increase linearly with C0 x). Data and numerical simulation 
results support this argument. 

· As a last comment, note that because the value of Vsat 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 !0 is proportional to µ0 in normal operation, and in this 
case the value of µ0 for holes in p-channel devices is one-half to one-fourth the 
corresponding value of~ for n-channel devices. 

5.4.2.2 Effects of Scaling on Ymsat• From Eq. 5-39 the maximum available 
value of gmsat for a given t0 x is given by 

gmsat = Z Vsat Cox (5 - 42) 

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

gmsat = Kgm Z Vsat Cox, 

Compared to Eq. 5-39, Kgm can be written as 

Kgm = [l - (ilVossat I ilVos )] 

where Kgm<I (5 - 43) 

(5 - 44) 

It is observed that 8msat 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 ilVossatlilV 0 8 in Eq. 5-44, 

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

5.4.2.3 Comparing the Values of lo Calculated with the Long• and 
Short-Channel MOSFET Models as a Function of Channel 
Length. The values of losat as the channel length is reduced from 5 µm to 0.3 µm as 
calculated both by the charge-control de circuit model of the long-channel MOSFET 
(Eq. 4-68), and the short channel de 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 losat 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. 

Dell Ex. 1008C
Page 198



260 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

Table 5-3 Comparison of Drive Current Values versus Gate Length with 
the Long-Channel (Eq.4-68) and Short-Channel MOSFET Models. 

Technology/Gate Length (µm) 5 3 2 0.5 0.3 
Gate Oxide (nm) 100 60 40 20 12.5 7.5 
Calaculated losat @ V GS = SY I 2.61 6.25 20 99.3 206 
Long-channel Model (µAlµm) 

Calaculated losat @ V GS = SY 2.18 4.12 10.5 19.9 30 
Short-Channel Model (µAlµm) 

50,.--.--.--.-----,---,-,----,---,---, 
(a) 

800 

esoo 
~ 

.. •· 

B 

40 
(b) 

30 
E 

"' _:!-400 - ~20 
A <n E 

~ 

--------~ .:!-- E ID 
~ 

(a) (b) 

Fig. 5-38 Measured and calculated 8m vs (Vos - Vy)@ Vos= SY for (a) NMOS; & (b) PMOS 
devices with L = 3 µm (A & D); L = 2 µm (B & E); and L = I µm (D & F).46 (© 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 (V ossat) 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 t,.L, and its length increases as Vos 
grows beyond Vossat (see Fig. 5-39). In addition, in saturation most of the drain 
voltage in excess of Vossat 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 M..... 

In long-channel MOSFETs the length of the pinched-off region is much smaller 
than the original channel length (i.e. M<<L), even at large values of Vos• Thus, I0 

remains approximately constant for drain voltages in excess of Vossat· In short-channel 
MOSFETs, however, M can be comparable to L. Thus, the same voltage drop (Vossatl 
will appear across a substantially shorter channel (L - M). Hence, when Vos> V ossat in 
short-channel MOSFETs, 10 can increase significantly with increasing V0 s (as is seen 
in Fig. 5-3lb). Since Iosat is proportional to 1/L, the equation of drain current I0 in 
saturation has the general form of 

Io (Vo>Vossatl = Iosat [L/(L-M)] (5 - 45) 

To be able to predict the increase in Io in short-channel MOSFETs, the value of M 
as a function of the terminal voltages is needed. The most general approach to calculate 
!:,L, 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 M some approximations must be made to reduce the 
2-D Poisson equation to a 1-D form. Analytical solutions of the Poisson equation can 
then be found, and these solutions can be used to derive analytical expressions for M. 
The analysis used to derive models for M will also yield expressions that calculate the 
value of the channel electric field. These can be employed to find the magnitude of the 

maximum channel £-field strength Eymax, a quantity that is needed when the subject of 
hot-carrier effects in MOSFETs 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 avax (i.e., 
the gradient of the electric field in the vertical (x) direction) is much smaller than ai::/ay. 
In such cases, the ai::1ax term in the 2-D Poisson equation can be dropped, turning a 
2-D 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 dt!dy term is considered to be much 
smaller than the dtldx term, and thus it is the term dropped from the Poisson equation. 
Here we will derive three analytical models for M. The simplification of dropping 
avax 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 
regions: one in which the long-channel Io 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: 

X. 

a. Only the drain field is assumed to be responsible 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, Ey(y). Furthermore, its magnitude is assumed to 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) = -qNA] is 
assumed to be present (i.e., the depletion approximation described in section 
3.2.3 is once again invoked here). 

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

f GATE 

0 y' t.L 

& 

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

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: 

dEy(Y) = qNA 
dy Ksi Eo 

(5 - 46) 

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

(5 - 47) 

This equation for calculating M was introduced by Reddi and Sah in 1965. 48 

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

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

E (y) = Vas- VT 
y 2 (L - !1L) 1 - [y l(L - M) ] 

= qNA [y - (L -11L)] 
E.si 

fory<L-M (5 - 48) 

fory>L-!1L (5 - 49) 

These two equations for Ey are plotted as a function of y in Fig. 5-41. Note from 
Eq. 5-49 that Ey increases linearly with yin the pinched-off region. In addition, from 
Eq. 5-48 we see that the model predicts Ey goes to infinity at y = L - !1L. This occurs 
because at the point where the pinched-off begins (i.e., y = L - !1L), the inversion-layer 
charge concentration Q1 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 Ey is discontinuous at y = L: M (i.e., Ey is infinite at [L- !1L]_, 
and is zero at [L - /1LJ+l- 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 Af., was developed by Frohman-Bentchkowsky and Grove.49 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 M. 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 µm and Nsun ~ 1015 - 1016 cm-3. 

5.4.3.2 Constant-Field-Gradient Model. The prediction of an infinite 
electric field strength at y = L - !:J.L 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 also approximation c (which leads to the nonphysical 
discontinuity in the £-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 Nm) exists to a depth rj in the pinched-off region, and also that these carriers are 
velocity saturated. Hence, it is appropriate to 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 form50 * 

£ (y) 

0 
y 

IO / 
infinity 

pinch 
0 ff 
region 

Fig. 5-41 General behavior of E(y), the channel field, for a device in saturation according 

to the long-channel modeJ.45 Reprinted with permission of Academic Press. 

* Note that Eq. 5-50 is similar to the more familiar drift current expression ldrift = 1drift A= q 
n <v> A , where Nm corresponds to n, Vsat to <v> , and rj Z to A. 

Dell Ex. 1008C
Page 203



I 
r~-~t: 

i ,;,i, 
Jf?lf: 

' (; 
it ,, 
f . , 

I t: ti\. 

t r,\ itt 
~~ 
ii 
il-

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

d£y (y) ; 

dy 
qNA + A Io 
K. E ph z s1 o Ksi Eo rj vsat 

(5 - 51) 

Using this equation, we can solve for the value of Ey(y) in the VSR. When removing 
approximation c we instead apply the boundary condition that Ey(O) ; £,at at the 
leading edge of the VSR (instead of the boundary condition that Ey; 0 at [L - Ml+, 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 they-direction in the 
VSR, d£y(y)!dy, is also a constant (hence the name, the constant-field-gradient model). 
As a result, Ey(y) is predicted by this model to increase linearly with yin 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 M as the dotted line in Fig. 5-42. 54 

The channel field Ey(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 Ey(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 Ey 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 
M and Ey in the VSR. From these relationships a model for losat as a function of Vos 
can also be obtained. The original pseudo-2-D model was introduced by Elmansy and 
Boothroyd in 1977.51 Later, Ko et al. developed an enhanced version52•53 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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t 3 

;r°" = 35.8 nm 
Nd= 6.6 X 1015 cm-3 

Xj = 300 nm 
Leff= 1,15,11m 

VD =SV 
Vc-Vr=11.4V 

Charinclp~itiony{µm) -

Fig. 5-42 Calculated channel field region versus position in the channel near the drain end 
for three models (lox =358A, NA= 6.6xl0 15 cm·3, rj = 0.3 µm, Leff= I.IS µm, Vos= SY, 
(Vas - VT)= 1.14V. Electrons in the channel have saturated velocities over the region U 
which extends from the channel pinch-off point to the drain. From R.S. Muller and T.I. 
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 band c, 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 Nm). 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 Esat and V ossat, 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 = !1L at D. Next, we see that the charge enclosed in the VSR 
is the sum of the mobile charge and ionic charge concentrations, qNA and qNm, 
respectively, or: 

p (x,y) = qNA + qNm (5 - 53) 

The drain £-field is still assumed to have only a horizontal component Ey 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 Ex which varies with position y (i.e., Ex gets weaker as 
the drain is approached). Ex has a value at the Si-SiO2 interface given by E,(0,y) and is 
assumed to be zero at the bottom edge of the depletion region [ExCdmax,Yl = OJ, The 
value of Ex(rj,Y) is also assumed to be close to zero, even though fj is not as deep as 
dmax· (This latter assumption is plausible since the MOSFET is biased into strong 
inversion, making qNm in the VSR larger than qNA. Thus, most of the total charge in 
the VSR region of the channel [i.e., from y = 0 toy= Af-], is confined within the depth 
from x = 0 to x = rj), It is now assumed that the value of i!Exli!x at each pointy can be 
replaced by the average value of dExli!x from x = 0 to x = rj, This average value is 
given by [Ex(0,y) - Ex(rj,y)/rjl. Since Ex(rj,Y)irj ~ 0, the average value of iJE/iJx can be 
approximated as just Ex(0,y)/rj, 

The above modifications to approximation a result in the following important 
conclusion: The term iJE/iJx in the Poisson equation can be approximated as Ex(0,y)lrj, 
With this approximation, the 2-D Poisson equation which governs the relation between 
the electric-field and the charge density in the VSR, can be expressed as follows (with 
Ex(0,y) being written as Esi(0,y): 

dEyfY) + Es/0,y) = (5 - 54) 
d y ri 

GATE 

Fig. 5~43 Schematic diagram to illustrate the analysis of the velocity saturation region 
(VSR). From P.K. Ko, "Approaches to Scaling," Chap. 1, in Advanced MOS Device Physics, 
N.G. Einspruch and G. Gildenblatt, Eds., Vol. 18 VLSI 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 y), 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 pseudo-2-D model) is appropriate. 

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

(5 - 55) 

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

tox(0, y) = [VGs - VFn - 2cpe - V(y)]/tox (5 - 56) 

[see Eq. 3-14, with 'Pox= Vas - VFB -2cpe - V(y)], we can make these both of changes 
in Eq. 5-54 to get 

(5 - 57) 

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

£0 x(y = 0) = - 1-[Vas- VFe- 2cpn- Vo'lsatl 
lox 

(5 - 58) 

In addition, since the GCA approximation is still valid at the leading edge of the VSR 
(y = 0), the total charge in the silicon (Qc) at that point can still be calculated by Eq. 
4-lc (Qc = 'PoxCoxl, where Cox= £0 xlt0 x and £ 0 x = 'Poxltox. Thus, since Qc (cm-2) 

is (qNArj + qNrnrj), and Qc = £0 x£ox, we can also write 

(5 - 59) 
Hence, 

~-1-[Vas-VFe-2cpe-Vo'lsatl= qNA r· + qNm r· (5-60) 
~~t ~~J ~~J ox 

Now we can substitute (£0 x/Ksi£0 t0 xrj)[V as - Vrn - 2cpn - Vossatl for the right hand 
side of Eq. 5-57, allowing Eq. 5-57 to be simplified to 

d£y(y) = Eox 

dy Ksi £0 lox rj 
[V(y) - Vo'lsatl (5 - 61) 

or 

d£y(y) = [V (y) - Vo'lsatl 

dy 12 

2 K ·£ where l = ___fil__Q_tox r· 
Cox J 

(5 - 62) 
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or 
2 

d [V(y) - Vos.atl = [V (y) - Vos.atl 

d/ 1
2 

(5 - 63) 

where the parameter I 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) = Yossat, the charge in the VSR is still controlled 
entirely by the vertical field (Ex)- Since, for conditions of de 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 
Eqs. 5-55 and 5-56, we see that Ex 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 Ey. Thus, the gradient of Ey must increase 
toward the drain. In Eq. 5-62, the RHS is the amount of charge released by Ex as a 
result of the rise in the channel voltage [equal to V(y) - Vossatl, while the LHS is the 
corresponding increase of the gradient in Ey in order to support these charges. 

The general solution of Eq. 5-63 is: 

[V(y) - Vos.at] = A eY II + B e-Y It (5 _ 64) 

By applying the boundary conditions: V(0) = Vossat, and Ey(0) = [oV(y)loy]@y = o = 
Eysat, the coefficients in Eq. 5-64 are found to be A= 1Esatl2 and B = - 1Esatl2. Thus, 
we can write the expressions for V(y) and Ey(y) in the VSR as 

V(y) = Vossat + I Esat sinh (y/1) (5 - 65a) 

and 

Ey(Y) = dVldy = E,at cosh (y/1) 

Note that near the drain end of the VSR 

V(y) = Yossat + I Esat exp (y/1) 

and 

Ey(y) = [(IE,ar)/1] exp (y/1) 

(5 - 66a) 

(5 - 65b) 

(5 - 66b) 

At the drain end of the channel V(y) and Ey have their maximum values V osmax and 
Eymax, as given by 

Vos max = Yossat + I Esat sinh (Af., /1) (5 - 67) 

and 

Eymax = E (y = Af.,) = Esat cosh (Af., /1) 

Equations 5-67 and 5-68 can be combined to yield an expression for Af., 

(5 - 68) 
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L\. L = l In { [V (y) - VoSsatlll } + Eymax 

Esat 
and 

Eymax = 
2 

[
[Vos- Vos,atl + 

12 
2 ] 1/2 

E sat 

(5 - 69) 

(5 - 70a) 

Equations 5-66 to 5-70 describe important aspects of the behavior of the MOSFET in 
saturation. First, Eq. 5-66b indicates that Ey 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 I 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 is seen to depend explicitly on [V(y) - V0 ssatl, but the 
channel length L only influences Eymax indirectly. Furthermore, if Vos is more than 
about 2V greater than Vossat, (Vos - Vossat)ll >>Esat• In this case Eq. 5-70a for 
Eymax is simplified to 

Eymax ~ [Vos - Vossatlli (5 - 70b) 

From experimental data and 2-D device simulations using MINIMOS the following 
expressions for I that appear valid over a wide range of lox, NA, and rj have been 
deduced: 1 

~ 0.22 lox 113 rr' 13 

and 
~ l.7xI0•2 tox'" r;-''3 

where /, fj and tax are in centimeters. 

if lox ~ 15 nm 

if t0 x <I5 nm 

(5 - 70c!) 

(5 - 70c2) 

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

Eymax ~ [Vos - VossatJ!0.22 r/3 lox 113 (5 - 71) 

where Vossat is found using Eq. 5-37 and Esat in that equation is taken to be the critical 
field for velocity saturation (~5x!04 V/cm). Equations. 5-71 and 5-37 can thus be used 
to estimate the peak channel electric field Eymax 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 lox and rj into Eq. 5-71 (i.e., 
using values typical of 1-µm CMOS technology, namely, t0 x = 250A and rj = 0.2 
µm), we get I = 135 nm, and 1// = 7.5x104 cm· 1. At low (Vas - VT) values, Vossat~ 0. 
Using Esat = 5x104 V/cm and Vos = 5V, from Eq. 5-71 we get Eymax = 3.85x105 

V/cm. Since Eymax is proportional to (l/r/3 t0 x113), 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 M also in hand (Eq. 5-69), a relationship for the drain current 
in saturation based on the pseudo-2D saturation model can now be derived, namely for 
Vos> V ossat= 

Io (Ll. L) = Iosat [ L ] [ VoSsat + Esat L ] 
L - Ll.L VoSsat + Esat (L - Ll.L) 

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

(5 - 72) 

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-I 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).57 BSIM is the Level-4 
MOSFET model in SPICE, and BSIM2 (introduced in I 990) is the Level-5 MOSFET 
model.58 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 well-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 modeling the de 
characteristics) and BSIM2 about 120, BSIM3 has 38 (the Level-I and Level-2 SPICE 
models described in chap. 4 each have a total of about 15). It is generally conceded that 
while the Level-I 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 BSIM2 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 
reasonable 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: (]) an 
equation for the threshold voltage VT 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 BSlM Threshold Voltage Equation. The equation used to model 
VT in long-channel MOSFETs (i.e., Eq. 4-12, with V 8c replaced with V 8s), is modified 
in BSIM to allow the threshold lowering effect observed in short-channel MOSFETs to 
be modeled. The BSIM VT equation is 

(5 - 73) 

We observe that in addition to the three parameters VFa, cp8 , and y, Eq. 5-73 contains 
two more for modeling VT, namely KT and 71. KT is the source and drain depletion 
charge sharing coefficient, and Tl is the drain-induced barrier lowering coefficient (which 
is roughly inversely proportional to the channel length L). Together, KT and 1'] model 
the threshold lowering effect. 

5.5.1.2 BSIM Equations for 10 when the MOSFET is Operated in 
Strong Inversion. The BSIM I0 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 U0 , the velocity saturation coefficient 
U1, and the carrier mobility µ0 • (Note that µ0 in BSIM is a function of the substrate 
and drain biases.) In order to speed up the circuit simulation time, instead of using I0 
in the form of the ionic charge model (i.e., of the form of Eq. 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 V8s is used. The resulting BSIM 
equations for 10 in the linear and saturation regions are: 

Linear Region: [Vos >VT), and O<Vos<Vossatl 

Cox Z. 2 

Io= µ 0 L (Vos-VT)Vos-aVos) 
[ I + Uo(Vos- VT) (l + U1vos) 2 

L 

(5 - 74) 

where 
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a = I + y [ I - I ] (5 - 75) 
2Y2cps-VRS 1.744 + 0.8364 (2cps-VRS) 

If we compare Eq. 5-74 with the linear I0 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 fractional 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 V8 s 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 I0 ). The values of 
I0 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 V8s and Vos), 
See Appendix C to see how this approximation is derived, starting from Eq. 4-57. 

Saturation Region: [Vos >VT), and Vos <CVossatl 

Io = 
[I+ Ua(Vos- VT) 2aV 

(5 - 76) 

where 

V -- I + Ye + y I + 2 Ye and Ye -- U (V V )/ I GS- T a (5 - 77) 
2 

and 
(5 - 78) 

5.5.1.3 BSlM Equations for 10 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 
(Io,s and Io,w, respectively) to allow proper matching of these two components at a 
transition point close to the threshold voltage. The weak inversion component is 
expressed as 

Io,w = Ciexp I!imit)/Ciexp + I1imit) (5 - 79) 
where 

Iexp (5 - 80) 

and 

(5 - 81) 

The factor el.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 rJo, TJs, and TJo are used to model the subthreshold slope 
coefficient 11, as:59 

rJ = TJo + TJs Vas + TJo Vos 

The subthreshold swing St is expressed as (Eq. 4-91) 

St = (2.3kT/q) rJ = (2.3kT/q) (I + CctiCoxl 

(5 - 82) 

(5 - 83) 

where rJ 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 µm 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 
V cc several years in advance of introducing a technology/product using that 
voltage. 

2. For a given V cc, the thinnest gate oxide (i.e., from manufacturability, 
reliability and GIDL considerations) will be used to get maximum 10 . 

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

4. VT of general purpose technology will remain basically unchanged. A 
significant reduction in VT is unacceptable for channel sub threshold 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 MOSFETs: 
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 MOSFETs (L<I µm) so that they exhibit such behavior. 
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Table 5-4 MOSFET Technology Projection24 (High-Speed Scenario) 

Minimum Feature Size (µm) 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 JG 40 

V cc (V) ( + 10% for max V cc) 5 3.3 3.3 3.3 2.2 2.2 

MOSFET Gate Oxide (nm) 13.5 9 8 7 4.5 4 

Junction Depth (µm) 0. 15 0.15 0.1 0.08 0.08 0.07 

Effective Channel Length (µm) 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 losat@ Yas=Ycc(mNµm) 0.64 0.48 0.55 0.65 0.51 0.57 

PMOS losat @ Vas = V cc (mNµm) 0.31 0.22 0.26 0.32 0.24 0.28 

Three of the most important scaling methodologies are the following: (I) 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, loff· Because subthreshold conduction is the dominant short­
channel performance issue that limits MOSFET scaling,60 the latter two have more 
applicability, but for completeness we also include a brief discussion of approach #I. 

5.6.1.1 Constant Electric-Field, Constant Voltage & Electrostatic 
Scaling. The method of constant electric-field scaling for designing submicron 
MOSFETs was proposed by Dennard et al. in 1974.6 t In this approach, a successful 
larger device structure is selected (e.g., from the previous generation of !Cs) and all its 
dimensions and voltages are reduced by a constant scaling factor A(> 1). The new device 
dimensions are then L' = LIA, t0 x' = t0 xiA, and W' = W/A, while the operating voltages 
are V1 = VIA. With this approach, operating speed increases, component density 
increases, and power density 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 VT/A, 
which makes the subthreshold current larger at Vas = 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 noise 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 !Cs 
down to device dimensions of 0.8 µm. Instead, it has been maintained at 5.0 V, 
primarily to permit the next generation of semiconductor products to "plug in" to 
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 miniaturization alternative. In this approach, device dimensions are scaled 
by the same factor A 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 a!.62 Dimensions are still scaled by 
A but the potentials are allowed to be scaled by a separate factor x: (e.g., x: = -.ff). The 
operating voltages can then correspondingly decrease to V' = V/x:. This has allowed 
suitable fabrication parameters for MOSFETs to be derived for devices down to channel 
lengths of 0.25 µm (some degree of power supply voltage reduction is used). 

However, even with the latter method, the depletion 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 V Gs = 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 
{ L\.lostl L\. V GS) is invariant). As a result, the target VT 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 !Cs 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.63 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 recall that when long-channel devices are operated in subthreshold, lost is 
independent of drain-to-source voltage once Vos 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 Vos 
(e.g., lost should not vary more than 10% as Vos is increased from 0.5 to 1.0V). 

Brews et al. found empirically that such subthreshold long-channel behavior will be 
preserved provided the channel length L exceeds a minimum value Lmin 

Dell Ex. 1008C
Page 215



THE SUBMICRON MOSFET 277 

L 2: Lmin = A [rj lox (Ws + Wo)2 ] 113 (5 - 84) 

where, rj is the junction depth, lox is the oxide thickness, W s and WO are the depletion 
widths of the source and drain (in a one-dimensional, abrupt junction for uniform 
doping). With rj, Ws, and W0 in microns, and lox in angstroms, the fitting parameter 
is A= 0.41 A-113• The substrate doping dependence is contained in the depletion-width 
equations, inasmuch as Ws and W0 (e.g., in an NMOSFET) are given by 

Ws = ✓2KsiEoVbj/qNA' 

Wo = ✓2KsiE0(Vbi + Vos)J/qNl 

(5 - 85) 

(5 - 86) 

According to Eq. 5-84, miniaturization requires shallower junctions (rj), thinner oxides 
(lox), lower voltages, or heavier doping in the channel region (i.e, this will reduce W s + 
Wo)-

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 µm and for 
device parameters in the ranges of IO0A:,t0 x:,IO0OA, 1014 cm·3:,NA:,J0 17 cm·3, 

0.18 µm:,rj:,1.5 µm, and for drain voltages up to 5V. Figure 5-44 shows a plot of Eq. 
5-84 for Lmin (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 µm. 

10 

E 

□ ::l.. 
C .E _, 

10-• 

10- 1 1 10 102 103 

y • rid {Ws + w0!2 {µ.m 3 
- Al 

Fig. 5-44 Equation 5-84 for Lmin compared with experimental measurements and computer 
simulations. The criterion for Lrnin is that for L:;:; Lmin a 10% variation in drain current 
occurs as Vno varies from 0.5 to l.OV in the subthreshold regime of gate biases. The units of 

the abscissa reflect the choice of units: din A, the other variables in µm. 63 (© 1980 IEEE). 
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This approach is also more flexible than the earlier ones because not all device 
parameters need to be scaled by the same factor A. Instead, various device parameters can 
be adjusted independently as long as the value of Lmin remains the same. This is 
shown in Fig. 5-44, which also plots Lmin versus y [where y= rj t0 x(Ws + W0 )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 Lmin = 
0.5 µm, y should be 2. Once y is determined, rj, t0 x, Ws, and W0 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 
Lrnin 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 wiII require 
smaller values of rj (i.e., shallower junctions). Finally, as t0 x 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 Lmin 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.65 In addition, Eq. 5-84 is known to be valid only over the fitted range, 
and has not been tested below 0.3 µm. 

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 
off-current requirements. Consequently, the reduced devices designed with this criterion 
still need adjustments, especially as L gets deeper below I µm. 

Note as well, that in modern MOSFETs the substrate doping is not 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., NA in Eqs. 5-85 and 86) that must be used to calculate 
WoandWs. 

In addition, another aspect of modern NMOSFETs 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 Klaassen64 to be 

(5 - 87) 

where NsuB is the substrate doping and Nch 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.66 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 
acceptable combination of off-current l0 ff (10 when Vas= 0V) and VT 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 D1 and centroid Xe of the VT 
implant, and the substrate doping Nsus- 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 {10 ff,Ic) is deliberately picked to be smaller than 
loff in the short-channel device being designed - in anticipation of the increase in loff 
due to surface-DIEL in the shrunken device. The estimate of the increase in loff,lc due 
to surface-DIBL depends on the DIBL model chosen by the designer. To ensure that the 
subthreshold punchthrough current remains insignificant at maximum Vos, a minimum 
Nsua is identified. Finally, in the process of selecting appropriate values of D1 and Xe, 

the criterion that the channel depletion-region width d should be a minimum is applied 
(to keep LiVTSc as small as possible when Lis 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 n+-poly gates 
and PMOSFETs with p+ poly gates), a technological approach that is gaining more 
popularity as Lis decreased to 0.5 µm 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: V 0 0 ; the type of gate material (e.g., heavily doped poly); and 
minimum values of lox and rj. The minimum manufacturable L is also limited by the 
lithographic process. However, loff,VT, and the actual value of Lare left as parameters 
that can be traded off later, based on the specific circuit or system application 

Dell Ex. 1008C
Page 218



280 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III 

requirements. The tradeoffs between VT and long-channel Ioff (Ioff,Ic) values are carried 
out with the aid of families of curves that relate VT and Ioff,lc for a fixed lox (with 
NsuB as a parameter). Figure 5-45 is an example of one such family of curves in 
which lox = !ODA. Notice that the x-axis is expressed in N0 ff 1c!Nmo instead of Ioff' 1 , a ,C• 
However, since Ioff,lc is directly proportional to Noff,lc (the latter being defined as the 
free-carrier density in the channel per unit area - e.g., per cm·2 - when V GS = 0V) 
according to 

Ioff,Ic = µ (ZIL)(kT/q)qNoff,lc (5 - 88) 

Ioff,lc is implicitly expressed in these curves. In Eq. 5-88, Zand Lare the device width 
and length, respectively. In addition, Nmg is the free-carrier concentration per unit area 
in the channel at midgap,* and this value can be found from 

Nmg (cm·2) = "i (Ksi IKox)(2kT/Eg) lox (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 ton-type). Thus, 
Nmg represents the smallest free-carrier concentration in the channel in weak inversion. 
As is also indicated by Eq. 5-89, Nmg is independent of NsuB- In an Si-Si02 MOS 
device at 300K, Eq. 5-89 can be written to explicitly express the relation between Nmg 
and lox as 

Nmg (@ 300K, in cm-2) = !010(cm·3)(1 l.8/3.9) 22.4 t0 x(cm) = l.33x!09 t0 x(cm). 

Thus, for a MOSFET with lox= 15 nm = l.5xI0·6 cm 

Nmg - 2x!03 cm·2. 

Thus, if loff,lc 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 N0 rr,1c!Nmg (such as Fig. 5-45), it can be done 
as follows: 

Example 5-1: If a maximum off-current loff,lc at 300K of 10 pA is required in 
an NMOSFET with L = 3 µm, Z = 6 µm, lox= 15 nm, and µn = 400 cm2/Vsec, 
find the value of N0 rr,1c!Nmg that corresponds to this loff,lc value. 

Solution: Since Noff,lc = 10 rr,1cl[µ,, (ZIL) (kT/q)q] 

= Ix!0-11 A I [400 cm2/Vsec (6/3) (0.025V) I.6xI0· 19C] 

= 3.Ix!07 carriers/cm2 

* Midgap is the state of a MOSFET in which band bending is causing EF 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, 'Psurflcp, = ln(Nsus/nj) as shown in Fig. 5-46. In the special case of midgap 
occurring at V GS =0V, Nmg is the free-carrier concentration (cm-2) in the channel for that 
condition. 
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and since Nmg (300K, lox= 15 nm) = 2x103 cm·2 , 

N0 rr,1clNmg = l.5xl04 

To arrive at the VT values 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 Vrnd,lc 
(assuming a uniformly doped channel region with a doping of Nsunl is calculated using 
Eq. 3-71, and this is added to t.VT(II) using Eq. 4-73, to get VTnud,lc (Eq. 4-74 or Eq. 
4-75) However, to accurately determine t. V T(II) the value of both Dr and Xe must be 
specified. In addition, the impact of Nsus must included. 

That is, in the simple long-channel analysis of a MOSFET in section it was 
assumed that Vrud,lc can be shifted by choosing Dr and Xe independent ofNsus-

N~ =3 x 10
17 /cm3 

3 X 10 

Vr=0.25 VOLT 

a) 

10' 

08 

bl 
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3x1014 
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Fig. 5-45 Threshold voltage for implanted structures with the indicated substrate doping as 
a function of Noff/Nmg· The dose and centroid of the implants are chosen for minimum 
depletion width. (a) lox= 50A; (b) lox = 100A. From J.R. Brews, K.K. Ng, and R.K. Watts, 
Chap. I, "The Submicrometer Silicon MOSFET," in Submicron Integrated Circuits, R.K. 
Watts, Ed., Wiley-lnterscience, New York, Copyright 1989 p. 34. Reprinted with 
permission. 
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GATE OXIDE SUBSTRATE 

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 NsuB cannot be ignored, especially when designing 
short-channel devices: First, a minimum Nsue must be identified to prevent subsurface 
punchthrough, e.g., Nsun2'Nch/l0. (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 NsuB impacts d1 
(the channel depletion region width in the presence of an VT implant) in that larger 
values of Nsun will cause d1 to decrease (see Eq. 4-80). To make d1 smaller (i.e., to keep 
I:, VTsc as small as possible, as described earlier), larger Nsue values are needed.* Third, 
Nsun impacts Noff,lc, because St depends on d (see Eq. 4-9lb). In general, increasing 
the value of Nsun will cause the value of St to increase. If VT remains the same, the 
consequence of an increase in St is a larger Noff,lc (as is also evident in Fig. 5-45). 
Obviously, the first two issues call for large Nsun values, while the third calls for 
smaller values. Hence, tradeoffs may be necessary. 

Values for the exposed dose D1 and the centroid Xe that will produce a minimum 
value of d are plotted versus Noff,1c/Nrng with Nsun as a parameter, and lox = 50A in 
Fig. 5-47. The value of D1 is obtained from the following equation: 

* The equations used to generate the VT versus Noff,!c/Nmg curves are derived by invoking the 
constraint that the channel depletion width in weak inversion (d) must be a minimum. This 
corlstraint is derived from Eq. 5-2, and the fact that we want .6. V Tse to be as small as possible. 
Since it is assumed that the device will employ the smallest lox and fj values allowed by 
process technology, the last parameter in Eq. 5-2 that can reduce .6.VTSc when the device is 
shrunk to its minimum L, is dmax· 
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qD, = (Q/Qmg) (KoxE0 it0 x) (kT/q) (~Egi2q) (5 - 90) 

The value of Q/Qmg is found in terms of Noff,1c/Nmg with the aid of Fig. 5-48.* (It 
turns out that for most cases of interest the substrate doping independence of D1 assumed 
in section does in fact continue to hold to larger values of N5u8 when the devices have 
thin oxides. Thus, Eq. 5-90, which is independent of Nsun, continues to be valid for 
such cases). Once D1 is known, its value is used to find Xe from 

xcld = -Dif(Nsund) + { (D!Nsund)2 + 1} 112 
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Fig. 5~47 (a) Dose in units of 1012/cm2 as a function of N0ff/Nmo with substrate doping as 
0 

parameter. (b) Centroid or depletion layer width Xe= win nanometers versus N0 ff/Nmg· In 
both figures tax = 50A. From J.R. Brews, K.K. Ng, and R.K. Watts, Chap. I, "The 
Submicrometer Silicon MOSFET," in Submicron Integrated Circuits, R.K. Watts, Ed., Wiley­
lnterscience, New York. Copyright 1989 p. 28. Reprinted with permission. 

* Note that Q here is a dimensionless surface charge defined as by 

(5 - 92) 

where Lo is the Debye length, and Qmg = (K0 xLoEgl2kTKst0 x). But for the purposes of our 
abbreviated description of this scaling strategy (described more completely in ref. 65), it 
suffices to note that Q/Qmg can be determined in terms of N0 rr,1c/Nmg by using Fig. 5•48. 
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Fig. 5-48 The normalized field parameter Q/Qmg of Eq. 5-90 as a function of zero-bias 
carrier density to midgap carrier density ratio N0 ff/Nmg· 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 VT is determined for an acceptable value of Noff,lc, a check is made to ensure that 
the chosen Nsua value exceeds the minimum substrate concentration identified as being 
able to provide adequate subsurface punchthrough protection. If Nsua 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 NsuB cannot prevent 
punchthrough, a larger NsuB value may need to be accepted, which in turn may possibly 
require an adjustment of the maximum acceptable 10 rr.) 

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 i'.VTsc is calculated, using the DIBL model of choice. The value of the 
long-channel off current loff,lc in the device designed using the strategy outlined above 
now becomes the basis for determining the short-channel device loff, according to 

loff = loff,lc exp (qi'. V TscikT) (5 - 93) 

If loff 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 
loff is too high, either the channel length will need to be increased, or a larger value of 
loff will need to be accommodated by changing the circuit design. 

The term norninally manufacturable is used, because as the channel length is reduced, 
the sensitivity of VT to channel length variations increases. As already noted, the impact 
of channel length variation is to require a more conservative setting of nominal-loff so 
that devices with smaller than nominal VT values will still have acceptable off-currents. 
As the channel length is reduced, at some point this lowered loff estimate will encounter 
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the same punchthrough limit already discussed. If channel length is under very tight 
control, then VT variations from length variation remains small, and only variation due 
to changes in Vns will matter. However, it is more common that channel length 
variations will dominate the choice of Lmin 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 µm 
NMOS transistor (i.e., the drawn channel length L is 0.8 µm) has an Leff of 0. 7 µm 
and a 3-sigma manufacturing tolerance on patterned gate length of ±0.12 µm. Hence, 
the shortest Leff in a device that still meets the manufacturing tolerance (i.e., patterned 
gate length is 0.68 µm) will be 0.58 µm. At this gate length, the CMOS devices will 
still have to possess sufficient VT control, satisfactory hot-carrier reliability, and 
acceptable punchthrough characteristics. To enable a MOSFET to meet these 
requirements, Nsua 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 µm) 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. 5-49.67 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 0V on the gate and 5V on the drain. The 
parameter is gate length, with a target value of 0.8 µm. From R.A. Haken et al., "Bi CMOS 
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, Rso). Vertical profile design is set to minimize short-channel effects.68 (© 1988 IEEE). 

(in this figure Iso with 0V on the gate and 5V on the drain), versus drive current, defined 
as Io when Vos= Vas= 5V. Although I0 is the x-axis variable, the actual parameter 
being varied is L, since Io is inversely proportional to L. In this example, for the 
n-channel device, when L = 0.8 µm (Leff= 0.7 µm), I0 is 400 µAlµm. The device 
design has been optimized for a patterned gate length of 0.8 µm with a manufacturing 
3-cr control on L of±0.12 µm. According to Fig. 5-49, as the 3-cr manufacturing 
control limit is reached, the device leakage current increases to -104 pAlµm (i.e., from 
Fig. 5-49 the leakage starts to rapidly rise when I0 = 480 µA/µm, which means it is 
occurring when L = 0.68 µm, or Leff= 0.58 µm). 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 NMOSFETs 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 steps taken in the subthreshold-scaling approach 
to designing submicron MOSFETs in CMOS.68 It assumes that the following circuit 
constraints on the device are defined (as dictated by the application being served): the 
power-supply voltage V00, the required drive current 10 in µAlµm (or transconductance, 
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gm), the required noise margin, the minimum intrinsic gate delay, and the maximum 
allowed device degradation (long-tenn) due to hot-carrier effects (HE! in the diagram). 

The given V 00 and noise-margin constraint determine the choice of VT· V 00 and the 
lithographic-processing capability limit the minimum channel length Lmin· By 
thinning lox, Io can be increased, but minimum t0 x is set by V00 and processing 

constraints. 
The maximum allowed parasitic resistance Rs depends on 8m (which is really the 

inverse of Rehl• For example, Rs may need to be kept smaller than 10% of Reh· 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 Rs value may also 
detennine 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 ~d will be 
impacted by the intrinsic device characteristics (i.e., !0 through Lmin, and CL through 
Cgate and Cj), By minimizing gate area and source/drain junction areas, smaller Cgate 
and Cj can be realized. Lower substrate doping also decreases Cj, 

The selection of the channel doping concentration (Nehl will be impacted by the 
substrate concentration and the Vradjust implant. VT and NA will determine the VT 
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 - Ws and W0 - are determined by Neh and the drain 

structure design. 
Once the values of t0 x, fj, and W5 and W0 are determined, they are inserted into 

Eq. 5-84. If the right hand side of the equation is a number smaller than Lmin with this 
group of parameters, then according to past experience it is likely that a MOSFET with 
this Lmin can be successfully fabricated (i.e., the device should satisfy the subthreshold 
leakage current criterion given in section 5.6.1.2). Hence, if some acceptable 
combination of manufacturable parameters meeting this criterion can be found, 
fabrication success is likely. If not, a larger value of Lmin may have to be accepted. 

5.7.2 Design Methodology Based on 
Required Off-Current Value 

The flow chart of the loff design strategy of submicron MOSFETs is shown in Fig. 
5-51. 69 In summary, a MOSFET is designed by selecting what appears to be an 
appropriate set of VT and loff values, applying the principles of long-channel MOSFET 
physics to derive the channel doping profile. Then the device length is shortened and 
punchthrough analysis and barrier-lowering analysis is performed on the shortened 
device to ensure that the loff circuit specification is still met. If not, the design 
procedure must be repeated, trading off VT and loff 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 !opp strategy. From J.R. Brews, K.K. Ng, and R.K. Watts, 
Chap. 1, "The Subrnicrometer Silicon MOSFET," in Submicron Integrated Circuits, R.K. 
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 VT values could only be fabricated asp-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 11-channel 
MOSFETs using n+ -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 VTs 
by adjusting channel doping profiles. Thus, enhancement-mode and depletion-mode 
NMOSFETs could then be fabricated with little extra difficulty. Since n-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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p-channel MOSFETs languished. However, when CMOS arose to become the main 
technology for VLSI in the late 1980s, the need for enhancement-mode p-channel 
MOSFETs returned. 
· The fabrication of p-channel devices with short channels in CMOS, however, 

presents some unique problems which arise from having to build both NMOS and 
pMOS devices on the same chip. The problems revolve around the choice of a doping 
type for the polysilicon gate electrode and the impact that this choice has on the 
threshold voltage and other characteristics of PMOS devices. 

5.8.1 PMOS Devices with n+-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 
and subthreshold-leakage considerations). When MOS IC technologies were initially 
being developed VT values with a magnitude of ~IV were acceptable. In early PMOS 
(and early p-well CMOS) it was relatively straightforward to build p-channel devices 
with VT= -IV since the doping in then-substrates was in the range of l-3x!015 cm·3. 

As seen in Fig. 3-20, VTp of PMOS devices made on such substrates is -0.8V to -1.0V, 
which is well within the acceptable VT range. 

However, inn-well CMOS (which was developed after p-well CMOS), as well as in 
twin-well CMOS, the situation changes. That is, in t1-well CMOS the doping in the 
well is about IOx the doping in the substrate, making it at least lxl016 cm·3. Twin­
well CMOS becomes the well-architecture of choice as the gate lengths decrease below 
about I µm. For I µm MOS devices (both p- and ti-channel) the substrate doping 
density must be 2-3x!016 cm·3• Thus, as shown in Fig. 3-20, the VT values of PMOS 
devices made with n+-poly gates in either n-well or twin-well CMOS will be at least 
-l.5V, whose magnitude is too large. To make matters worse, in PMOSFETs with L 
5, I µm, punchthrough effects are more severe than in comparably sized NMOSFETs 
(primarily due to the inability to make p+ source/drain junctions as shallow as 
n+ junctions, as will be described later). To suppress such punchthrough current it is 
necessary to increase the t1-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.e., VT is 
increased even more). 

For optimal logic-gate performance the threshold voltages of then- 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 VTn 
and -0.6 to -0.8V for V Tp· 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 VT for long-channel, uniformly doped MOSFETs with n+ poly 
gates (left scale)70 as a function of p-substrate doping (assuming the substrate is 
uniformly doped and that Otot = 0). The value ofVTn is less than l.0V for gate-oxide 
thicknesses of 25 nm or less and substrate dopings of less than 1017 cm-3• Thus, V Tn 

can easily be adjusted to the desired values by implanting boron into the channel. 
However, when n+ poly is the gate electrode of a PMOS device, adjustment of VTp 

to -0.7 V is not as simple, especially as the PMOS channel lengths shrink below about 
2 µm. First, as we noted above, the magnitude of VT of PMOS devices when the 
substrate doping exceeds 2xI016 cm·3 is significantly greater than -0.8V (e.g., -l.4V or 
larger). Even higher values of substrate doping will be needed as the channel lengths are 
decreased below 1 µm, implying that VT would be even larger in submicron PMOS 
devices with uniformly doped substrates. In addition, such short-channel PMOSFETs 
are more prone to punchthrough than NMOSFETs of the same channel length. This 
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 11-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.e., 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 µm PMOS are ~0.35 µm, whereas the 
11+ regions in 1 µm NMOS are shallower (typically only ~0.2 µm deep). The deeper 
junctions accentuate the punchthrough susceptibility. The extra 11-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 µm 
and increased doping above the background level to a depth of ~0.5 µm). This extra 
implant, however, not only increases the VT value to about -2V, but also increases the 
source/drain-to-substrate capacitance. 

In any case, it is obvious that the magnitude of VT in short-channel PMOS devices 
of advanced CMOS technologies needs to be reduced. However, implanting the 11-doped 
substrate with more n-type dopant would only increase the magnitude of VTp, rather 
than bringing its value closer to the desired -0.7V. To reduce the magnitude of VTp 
when an n+ poly gate is used, a thin sheet of negative charges must therefore be placed 
at the Si-SiO2 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 Vas= 0V) is formed. This shifts VTp 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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Fig. 5-52 Simulation of the counter-doping dose versus n-type substrate concentration for 
a fixed p-channel threshold voltage of -0.6V. 115 (© 1984 IEEE). 

in Fig. 5-52 for devices with t0 x = 15 nm in which a VTp = -0.6V is desired. Typical 
doses of such implanted layers are of the order of 5x1011 cm-2 at 25 keV. 

The fact that boron is implanted to adjust both VTI! and VTp in CMOS circuits with 
11+ poly gates suggests that a single implant could be used instead of two separate 
implants. Figure 5-53 shows that this can be accomplished if the appropriate 
background dopings are chosen for the substrate and the well.71 On the other hand, it 
may be decided to use two separate implants in order to achieve better short-channel 
behavior through individual optimization of the 11- and p-channel devices. In the latter 
case, if the boron dose needed to adjust VTp is smaller than the dose needed to adjust 
Vrn, the former implant can be made into both the p- and n-channel regions without use 
of a mask. Then the second implant for adjusting VT11 is done with a mask that protects 
the 11-well region. (A third boron implant may also be performed at that time to 
suppress punchthrough in the 11-channel devices.) In other processes, however, it may 
be necessary to use a separate mask for both the VTp- and VT11-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 VT is that such PMOS devices exhibit 
worse short-channel effects than NMOSFETs with the same L. This susceptibility 
arises mainly because the implanted boron layer has a finite thickness (i.e., instead of 
being an infinitely-thin sheet of charge at the surface, as would exist in the ideal case). 
Figure 5-54 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 then-substrate gives rise to two phenomena not observed 
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in surface-channel NMOSFETs: (l) a pn junction is formed beneath the gate oxide in 
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 to 
important device-behavior effects that differ from those of surface-channel MOSFETs. 
We explain this behavior by first comparing the location of the potential minimum in 
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 ap+-polysilicon gate and a uniformly doped n-substrate (3.4x1016 cm-3), and 
the other with a n+ -polysilicon gate and a shallow boron V radjust implant. In both 
devices Vos= 0V, and Vos= -5V. The potential profile is taken at the point along the 
channel at which the longitudinal field vanishes (to 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 V rad just 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 

2 .--------------,-2 

0 

0 2 4 6 8 10 
8 IMPLANT DOSE (x10 11 cm·2) 

Fig. SM53 Threshold voltages of n-channel (YTn) and p-channel (VTp) 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 6xl0 14 atoms/cm3). VTp results are shown for 

various implant doses of the n-well.71 (© 1980 IEEE). 
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Fig, 5-54 Simulated channel profile for a p-channel MOSFET with an implanted B dose at 
the channel surface. 115 (© 1984 IEEE). 

case of conventional surface-channel devices, more current will flow in a channel 
beneath the surface of the device than at the surface.72 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 

-- p~ POLY-GATE DEVICE 

-n~ POLY-GATE DEVICE 
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0 0.1 0.2 0.3 0.4 0.5 
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Fig. 5-55 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 
µm. 114 (© 1985 IEEE). 
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Fig. 5-56 Channel potential profile versus vertical distance for a p-channel MOSFET with 
Yi= 0.1, 0.15, and 0.2 µm, and Vos= - 3V and Vas= 0V. 115 (© 1984 IEEE). 

the shifting of the potential minimum beneath the Si surface worsen the susceptibility 
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 V,-rol/-ojf. The V,roll-off effect is more severe in BC PMOS devices 
than in surface channel FETs (Fig. 5-57a). 114 This is due to an effect in BC FETs that 
does not occur in surface-channel FETs. That is, the implanted p-layer is a lightly 
doped p-region that extends entirely between the p+ source and drain regions of the 
device. Holes diffuse from the regions of high concentration into the lightly doped layer 
as depicted in Fig. 5-57b. 106 The diffusion length dp is given by 107 

d - L tan-1 [ (N +IN -)112] p - D p p 
where 

(5 - 94) 

(5 - 95) 

and Np+ and Np- 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 length is 
decreased, the proportionate contribution 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. 108 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 Leff in surface­

channel (p+-poly gate) and buried-channel (n+-poly gate) PMOSFETs. 114 (© 1985 IEEE). (b) 
The origin of short-channel threshold shifts in buried-channel PMOS transistors. From A.G. 
Lewis and J.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 VT 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 VT decreases as L is reduced. Simulation studies indicate that the severity 
of the VT 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, VT roll-off is decreased as lox is made smaller (Fig. 5-58c). 
Thus, we conclude that smaller Yj and lox values are needed to mitigate the VT-roll-off 
effect in BC PMOS. 
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Fig. 5-58 (a) Experimental data of p-channel threshold voltage versus Leff for gate oxide 
thickness of 15 nm. (b) Simulation of threshold voltage versus Leff for p-channel MOSFETs 
with different Yj, (c) Simulated p-channel threshold voltage versus Leff 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. 
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Fig. SM59 BuriedMchannel PMOSFET when biased to inversion: (a) Doping profile and 

depletion regions; (b) electric field; (c) electron potential; (d) mobile carriers; and (c) 
equivalent capacitances in sub•pinchoff condition. 120 (© IEEE 1978). 

5.8.2.2 Subthreshold Swing (S1) in Buried-Channel PMOS. The 
PMOSFETs used in CMOS must be enhancement-mode devices; i.e., they need to be 
OFF when Vas = 0V. If such PMOSFETs are buried-channel devices, the entire 
implanted p-layer in the BC PMOS devices must be depleted of holes when V GS= 0V. 
On the other hand, upon applying a gate voltage equal to the threshold voltage, the 
p-layer of such devices is no longer depleted. That is, holes will have returned to the 
layer, forming a p-type conducting channel between the source and drain. But this 
channel will exist beneath instead of at the surface. Thus, for gate voltages greater than 
VT, two depletion regions will be present in this p-layer; one that is formed between the 
surface and the buried channel (to a depth x1) and the other due to the channel pn 
junction, as is shown in Fig. 5-59a. The BC MOSFETs thus have two capacitances in 
addition to the oxide capacitance KoxE0 /t0 x; namely the depletion capacitance from the 
surface (Ksj£0/x 1), and the depletion capacitance from the pn junction (C2 = Ksj£0/[x2 + 
x3] ~ Ksi£0/x3). The potential minimum is located in the position between these two 
capacitors, as shown in Fig. 5-59e. As also noted earlier, the location of the potential 
minimum causes most of the free carriers to appear in the bulk Si rather than at the Si­
Si02 interface. It is expected that since the free carriers are now farther away from the 
surface they will be harder to modulate by the gate voltage. (In the same way that 
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carriers in a surface-channel MOSFET with a thicker gate oxide are harder to modulate -
because of reduced gate-to-channel capacitive coupling - than in one with a thinner gate 
oxide.) Hence, to achieve the same degree of turn-off, the gate voltage will need to be 
reduced more than in the case of a surface-channel device. Thus, we expect that the turn­
off characteristic will be less sharp, which means that St will be larger. 

Quantitatively the buried channel turn-off characteristic can be modeled by an 
expression that gives the subthreshold swing St in a structure with two such depletion 
regions, i.e., 

St= 2.3 (kT/q) (I + C2/C1) (5 - 96) 

where C1 is the oxide capacitance (C0 x) in series with the depletion capacitance from 
the surface (KsjE0 /x1), and C2 is defined above. Let us compare Eq. 5-96 with Eq. 4-91 
(which gives St for the case of surface-channel MOSFETs, and is repeated here for 
convenience). 

St= lnlO(dlnlofdVGst1 = 2.3 (kT/q) (I+ CctiC0 x) (5 - 98) 

By noting that C1 is smaller than C0 x, and C2 is typically comparable in value to Cct, 
we see that St is expected to be larger in BC devices. Experimental results confirm that 
St is worse (i.e., larger) in buried channel devices, especially in short-channel 
PMOSFETs. That is, St values in buried-channel PMOSFETs range from 0.5 to 1.5 
V/decade, compared to the 70-120 mV/decade St values observed in active NMOSFET 
devices. Figure 5-60 compares the subthreshold behavior of the two 0.8 µm BC PMOS 
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Fig. 5-60 Subthreshold 1-V curves in PMOS device in CMOS. Dashed lines: buried channel 
PMOS in a lightly doped substrate. Solid lines: buried-channel PMOS in a retrograde n-well. 
Dotted lines: surface channel NMOS drawn for comparison.72 (© IEEE 1982). 
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Fig. 5-61 Simulated 2-D potential profile for p-channel MOSFET with Yi= 0.1, 0.15, and 
0.2 µm. Vos =0Vand Vos= -3V. 115 (© 1984 IEEE). 

devices with that of a comparable surface-channel NMOSFET. (Note that the Vas scale 
for the NMOSFET should be +1.5V to -l.5V from left to right.) It indicates that St is 

larger for the BC PMOS devices. 
The effect on St of the depths of the channel and source/drain junctions Yj and rj, 

respectively, and of the gate-oxide thickness lox has also been investigated with 
simulation studies. Figure 5-61 illustrates the 2-D simulated potential profiles for a 
0.5 µmp-channel MOSFET as Yj is increased from 0.1 to 0.2 µm. It is observed that 
as Yj is increased the potential contours spread more from drain to source, and the 
bulk punchthrough path passes through the depletion region near the pn junction. 
Figure 5-62 shows the calculated values of St for three Yj values (i.e., 0.1, 0.15, and 
0.2 µm), as rj is varied in a BC PMOS device with an Leff= 0.5 µm, a lox = 25 nm, 
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bulk punchthrough path passes through the depletion region near the pn junction. 
Figure 5-62 shows the calculated values of St for three Yj values (i.e., 0.1, 0.15, and 
0.2 µm), as rj is varied in a BC PMOS device with an Leff= 0.5 µm, a t0 x = 25 nm, 
and Vos = -3V. Each curve corresponds to a fixed value of Yj. The threshold voltage 
[defined as the gate voltage at which the drain current is 100 nA*(Z/L)] is specified at 
each point. The data shows that St is strongly dependent on Yj and rj. That is, as Yj is 
increased for a fixed value of rj, St increases. For a fixed value of Yj, St also increases 
as rj is increased. In Fig. 5-63 the simulated value of St for two different gate oxide 
thicknesses is shown as Yj is varied. It is seen that St improves for thinner gate 
oxides, but the dependence of St on Yj is only slightly reduced. The overall conclusion 
from these studies is that small values of Yj, rj, and t0 x are also needed to realize small 
values of St in submicron BC PMOS devices. 

5.8.2.3 Punchthrough Susceptibility of Buried-Channel PMOS. 
The larger St values exhibited by BC PMOS devices implies that they are susceptible to 
larger leakage currents in the OFF state. In fact, such relatively large leakage currents 
are commonly observed in short PMOSFETs, especially at high drain bias. For 
example, it has been shown that in submicron PMOS transistors (Leff= 0.8 µm), lost 
will increase by two orders of magnitude if Vos is increased from -IV to -IOV.74 In this 
case, iflost was I nA at -IV, it would increase to 0.1 µA if Vos was raised to -IOV. It 
would be useful to be able to predict the value of lost prior to fabricating the device. 

As described in section 5.3.1 an increase in St has been correlated to the onset of 
subsurface punchthrough in surface-channel MOSFETs. The increase in St in BC 
PMOS devices as a result of various device parameters (i.e., L, Yj, rj) discussed in the 
previous section can also be considered from the perspective of the phenomenon of 
punchthrough (subsurface-DIEL), which was introduced in section 5.3. However, we 
will see that the subthreshold leakage behavior in BC PMOSFETs differs from that 
observed in surface-channel FETs. To help explain this difference, we will once again 
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Fig. 5-62 Simulated subthreshold slope versus fj and Yj for µ-channel MOSFETs in which 
Leff= 0.5 µm, lox= 250A, and Vos= -3V. VT is the threshold voltage. 115 (© 1984 IEEE). 
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Fig. 5-63 Simulated subthreshold slope versus Yj and t0 x. 115 (© 1984 IEEE). 

employ the punchthrough modeling technique described in section 5.3.2, but here it will 
be applied to quantitatively model lost in BC PMOSFETs. The results of this analysis 
will permit us to compare the subthreshold leakage behavior of surface-channel and 
buried channel MOSFETs. 

We recall that punchthrough current is determined by carrier injection over the 
potential energy barrier at the saddle point of the electrostatic potential in the bulk (see 
Fig. 5-64). 117 Therefore, analysis of the channel potential, especially the change of the 
potential at the saddle point P of the BC PMOS device with Vos is necessary. This 
analysis can be performed with the aid of2-D device simulators,** and here we present 
the results of one report that performed such a study using the device simulator 
GEMINI. 74 The simulated potential along the direction from source to drain of a BC 
PMOSFET in an n-well with Leff= 0.55 µm as Vos is increased is shown in Fig. 
5-65. It is observed that the magnitude of q,* (the potential at the saddle point P), 
begins to drop as soon as Vos is increased above 0V. This is due to the fact that there 
is no pn junction along the channel region in a p-channel BC MOSFET. (Conversely, 
in the case of short, surface-channel MOSFETs, at low drain-bias values the Vos drop 
occurs almost entirely across the drain-channel junction, and the barrier at the source 
does not decrease as long as Vos remains small. Only when Vos becomes large enough 
to cause subsurface-DIBL does the barrier begin to drop as Vos exceeds this value.) The 
decrease of the potential barrier height (q,* - Vs) in a BC PMOSFET as Vos is increased 
is plotted in Fig. 5-66. Here we see that (q,* - Vs) is linearly proportional to the 
increase in drain voltage, even at low values of V 05. 

** Note that an entirely analytic model of punchthrough in PMOSFETs has also been 
published by Skotnicki et ai. 117 
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Once ( cp* - V sl is found for a given value of Vos, it can be used to calculate lost with 
the aid of an analytic expression (Eq. 5-18b) as discussed in section 5.3. This 
expression for lost is repeated here for the case of a PMOS device: 

* n·2 q * lost =-qDpz_t ___ , exp[-"-(Vs-<p )] 
L * No kT 

(5 - 99) 

To exploit the results plotted in Fig. 5-66, we express Eq. 5-99 in logarithmic form as 

or 
log (lost) = {log [- q Dp Z (t*IL*) (n/!No)]) - q(<p* - Vs)/k 

log (lostl = A - q<pbfkT 

(5-100) 

(5 - IOI) 

where A = log [- q Dp Z (t*IL*) (n//NA)l, and 'Pb= (<p* - Vs)- Now, Fig. 5-66 shows 
that the decrease in 'Pb is linearly proportional to Vos, i.e., 

(5 - 102) 

where 'Pho is the barrier height at Vos= OV, and b represents the slope of the curve of 
Fig. 5-66 (i.e., dcpb/dV 0s)- We also note that the values of both 'Pbo and b can be 
determined from Fig. 5-66. Then we can write Eq. 5-101 as 

cp 

'-., 

Fig. 5M64 Perspective view of the electrical potential distribution in two perpendicular 
cross sections of the channel of a buried~channel PMOSFET. Shadowed regions are those 
corresponding tot* and L* in Eq. 5_99_117 (© 1989 IEEE). 
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Fig. 5-65 Simulated potential distributions along the buried channel of a PMOSFET for 
various drain voltages.74 (© 1988 IEEE). 

or 
log Oostl = A - q( 'Pbo - b IVos i)lkT 

= A' + Y0 s/R 

(5 - 103) 

(5 - 104) 

where A' = A - qfj)bolkT and R = kT!bq. The parameter R is the incremental voltage 
that the drain can sustain before lost increases by another order of magnitude (R ;;:: 
oV 0s/olog lost), The larger the value of R, the lower the DIBL rate, hence the better 
the MOSFET is able to maintain low subthreshold leakage as the drain bias rises. 
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Fig. 5-66 Potential barrier height as a function of drain voltage.74 (© 1988 IEEE). 
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Fig. 5-67 Subthreshold Iost·Yos characteristics for a submicron PMOSFET.74 (© 1988 IEEE). 

Equation 5-104 implies that the relationship between log lost and Vos should be 
linear in BC PMOSFETs operating in subthreshold. Figure 5-67 shows the measured 
log lost" Vos curves for a 0.8 µm BC PMOSFET, together with some simulated lost 
values at Vas = 0V. The agreement between the experimental and simulated data is 
good. We also see that R in this device is about -4.4V/decade for Vas= 0V. This 
means that iflost is 10 pA at Vos= -IV, it will increase to IO nA at Vos= -IOV. 

Now we can compare the lost behavior of SC and BC MOSFETs with respect 
externally applied biases. We note that in the case of surface channel MOSFETs two 
regions of different slope are observed in the log lost versus Vos curves (see Fig. 5-11 ). 
At low values of Vos the value of R is large (e.g., in Fig. 5-1 lb R = 12.6V/decade 
when V 0s <6.0V), but when Vos exceeds about 8.0V, the value of R drops to about 
l.OV/decade. This change implies that in surface-channel MOSFETs there is a transfer 
from surface-DIBL to subsurface-DIBL (punchthrough) - e.g., in the device of Fig. 
5-1 lb at about 6.0V. Also, up to some value of Vos (e.g., VPT), the drain bias has little 
effect on lost· In BC PMOSFETs, however, the value of R is relatively constant (e.g., 
it has a magnitude of R = 4.4V/decade for all values of Vos in the case of the device 
characterized in Fig. 5-67). This implies that the nature of subthreshold leakage current 
in BC PMOSFETs does not undergo a change from surface- to subsurface-DIEL, but 
instead the DIBL phenomenon in a BC device is a combination of both effects. 
Furthermore, the intermediate value of R also supports the view that both the gate and 
the drain voltages affect the potential of the p-type layer, and thus both can impact lost 
at all values. Finally, this indicates that the measured slope of log lost versus Vos 
(defined as 1/R), reflects the effect of Vos on 'Pb through DIBL, and permits a 
comparison of the subthreshold leakage behavior of various PMOS device structures. 
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:5.8.3 Techniques Used to Supp_ress Short-Channel 
Effects in Buried-Channel PMOS 

5.8.3.1 Techniques Used to Keep the Implanted p-Layer as Thin 
as Possible. The most obvious solution to suppressing short-channel effects in 
PMOS devices is to increase the PMOS device channel length. This is done in many 
'CMOS technologies, and it is the reason that the minimum channel lengths of PMOS 

·· devices are often larger than those of the NMOS devices on the same chip. But we also 
noted that to achieve small values of St, less Vrroll-off, and larger punchthrough 
voltages in BC PMOS devices, the p-buried layer depth Yj must be as shallow as 
possible. That is, the thinner the p-layer, the more the device resembles a surface 
channel FET. Several methods have been reported to realize shallow p-layer implant 
profiles, including the following: 

t. Using the lowest practical implant energy, which in ordinary medium-current 
implanters is typically 20-25 keV. 

2. Implanting BF2 + (which produces shallower boron layers than implantation 

with elemental boron, see Vol. 1, chap. 9). 

3. Using a high-energy n-implant (e.g., p+ at 400 keV) to form a retrograde 
11-well in the regions where the PMOS devices are formed. This places more 
11-type dopant atoms beneath the channel pn junctions, and the more heavily doped 
regions absorb the drain voltage in a shorter distance, while simultaneously 
squeezing the channel pn junction toward the surface, as shown in Fig. 5-68. 
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Fig. 5-68 Simulated doping profiles in PMOS channel regions: dashed lines lightly doped 
substrate; solid lines, retrograde n-we!I.72 (© I 982 IEEE). 
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Fig. 5-69 (a) Simulated channel profile for p-channel with BF2 and As counterdoping.115 

(© 1984 IEEE). 

4. An extra n-type implant (typically arsenic) can be performed into a 
conventional n-well or n-substrate, with it's peak located below the p-layer 
immediately following the BF2 + implant (Fig. 5-69a). The n-doping under the 
p-layer is thus raised, making the junction depth lie further up the tail of the boron 
distribution (and thereby making it shallower). The arsenic diffuses relatively 
slowly, and thus will largely remain in the vicinity of where it was implanted. 
This forms a steep profile at the counter-doping junction, and maintains a shallow 
junction depth. The simulation shown in Fig. 5-69a indicates that Yj with such 
an arsenic implant is ~0.09 µm. Such an extra implant can also be used with a 
retrograde n-well. 

Two drawbacks of this technique are that since the boron channel implant is 
compensated by an arsenic implant very good process control must be maintained 
for it to be successful, and it also requires an extra masking step to prevent the 
arsenic implant from entering then-channel transistor regions. 

To prevent a shallow implanted-boron layer from growing thicker, it is necessary to use 
a reduced thermal budget in order to restrict boron diffusion following the implant. 
Specific steps for restricting boron redistribution include the following: 76 

1. Implanting the boron through the gate oxide. This avoids the oxidation­
enhanced diffusion of boron that would occur during the growth of the gate 
oxide if the implant were performed first. In this case, it is necessary to prevent 
the gate oxide from becoming contaminated during implant, either by material 
sputtered by the beam line or by vaporized resist material used as a mask against 
the implant. To prevent such contamination, a thin layer of polysilicon may be 
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deposited on the gate oxide prior to the implant (in fact, immediately after the 
oxide is grown),77 

2. After the implant has been performed, the remainder of the polysilicon film 
is deposited. In order to avoid the 900°C thermal cycle that would have to be 
used if the poly were doped following deposition, this polysilicon is doped in 
situ at ~600°C with phosphorus. 

3. A BPSG glass layer is used as the dielectric between the gate and the first 
level of metal. A significantly lower temperature can be used to flow BPSG 
than PSG (e.g., 900°C versus 1000°C). A lower temperature cycle can thus be 
used to smooth the surface topography (flow step) and gently taper the contact 
holes after etch (reflow step). 

5.8.3.2 Shallow p+ Source/Drain Junctions to Suppress 
Punchthrough in PMOSFETs. As noted in our discussion of MOSFET 
scaling in section 5.6.1.2, reducing the source/drain junction depths also decreases the 
susceptibility to short-channel effects. By reducing the vertical depth of the source/drain 
junctions the lateral spread of the dopants in these regions beneath the gate also 
becomes smaller. Hence, a longer effective channel length is possible for a fixed drawn 
gate length. In addition, the lateral spread of source and drain depletion regions below 
the surface layer makes a MOSFET more prone to punchthrough. Consequently, 
shallow source and drains effectively suppress subsurface punchthrough paths. 

In NMOSFETs, it is easier to fabricate shallow n+ source/drain regions (i.e., 
~0.2 µm in depth) because dopants with heavy ionic masses (usually arsenic) are 
implanted to form these regions. They yield implant profiles with small projected 
ranges and little channeling. Furthermore arsenic has a low diffusivity, so that little 
redistribution occurs during postimplant annealing. In PMOSFETs, however, the only 
practical p-type dopant for forming the p+ regions is boron, and junctions formed with 
boron are much deeper than those formed with arsenic for several reasons. First, the 
projected range of the low-mass boron is relatively larger, even at low implantation 
energies. Ion channeling also causes the implanted boron profile to have a long tail, 
even if the target wafers are tilted to minimize this effect. Thus, the minimum junction 
depth which results when boron is implanted into a lightly doped n-type crystalline 
silicon wafer is about 0.35 µm. 

The high diffusivity of boron compounds the problem. That is, in CMOS processes 
both then- and p-implants that form the NMOS and PMOS source and drain regions, 
respectively, must be annealed. The anneal used for the arsenic implant will cause 
significant (>0.1 µm) redistribution of the boron implant. In CMOS technologies with 
channel lengths of 2 µm or longer, this issue does not arise because the boron can be 
implanted after the arsenic implantation and anneal steps (i.e., allowing the boron to be 
annealed only for the minimum time and temperature needed for full activation). Thus, 
boron redistribution after implantation can be minimized. However, in submicron 
CMOS processes it is generally not possible to perform the boron implant after then+ 
arsenic implant. This is because submicron NMOS devices usually use LDD structures, 
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in which the arsenic implant is performed after spacers have been formed .. The boron p+ 
implant, however, must be carried out before the spacers are formed for two reasons. 
First, this ensures that the boron implant sufficiently counterdopes the 11- implant (used 
to form the LDD tip region) everywhere in the areas of the PMOS source and drain (i.e., 
the,,- implant is typically done unmasked to maintain process simplicity). Second, this 
also guarantees that the p+ doping will extend under the gate. Thus, in CMOS processes 
that use LDDs in the NMOS devices the p+ regions must experience the same anneal 
cycle as the 11+ regions. Alternative approaches have been proposed to avoid subjecting 
the implanted boron to then+ anneal, as will be described below. 

Techniques to decrease the p+ junction depths fall into two groups: (I) those which 
set out to reduce the junction depth of the implanted boron profile; and (2) those which 
attempt to reduce the diffusion of the boron during the post-implantation anneals. 

The approaches mentioned earlier when discussing techniques to reduce the depth of 
the as-implanted boron region in the channel of PMOS devices also apply to reducing 
the source/drain junction depths. These include use of BF2 + instead of atomic boron as 
the implant species, and implanting through a screen oxide. Pre-amorphizing the wafer 
surface region into which the junction dopants will be implanted to a depth of several 
tenths of a micron (with an earlier implant of silicon or germanium) has also been 
investigated (see Vol. 2, chap. 3). The amorphous layer effectively prevents channeling, 
and subsequent annealing at a low temperature is sufficient to achieve recrystallization 
by solid-phase epitaxy. Use of very-low-energy ion implanters (<5 keV) for implanting 
the boron has also been studied, as have techniques for implanting the boron into 
silicide layers formed above the source/drain regions and then diffusing the boron into 
the substrate from these silicide layers. 

Several techniques to limit the redistribution of boron after implant have also been 
suggested. The first involves use of rapid thermal processing instead of a conventional 
furnace treatment following the implant. Relatively high temperatures are employed to 
realize adequate dopant activation, while keeping the times short enough so that boron 
redistribution is minimized. The second makes use of lower temperature flow and reflow 
steps by employing BPSG as the interlevel dielectric material instead of PSG. The 
third modifies the process sequence so that the boron implant is done after the arsenic 
implant. If the spacers required for NMOS LDD formation are in place, the boron 
implant must be sufficiently redistributed to ensure that the p-regions extend under the 
p-channel gates. 105 On the other hand, some process sequences have been reported in 
which the spacers are removed prior to implanting the boron. Other materials than 
SiO2 must be used for such removable spacers (e.g. 1 silicon nitride, 102 TiN, 103 or 
polysilicon 104) since removing SiO2 spacers would significantly thin the field oxide. 
Concerns about damaging the gate oxide at the gate edge have been raised if dry etching 
is used for such spacer removal. In the reports describing silicon nitride and TiN 
removable spacers, wet etching is used to remove them. 

5.8.3.3 LDD Structures in PMOS to Limit Punchthrough. Another 
way to achieve a shallow junction in a PMOS device is to use an LDD structure. The 
junction depth of the lightly-doped LDD tip region is shallower than the heavily doped 
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Fig. 5-70 Punchthrough voltage as a function of boron implant dose for a 0.4 µm 
PMOSFET with and without LDD structure.75 (© 1986 IEEE). 

p+ source/drain junction depth implanted at the same energy. Figure 5-70 indicates that 
the punchthrough voltage VPTis increased by 2-3V when an LDD is incorporated into a 
PMOS device. (The LDD structure, of course, may also be used to increase the hot­
carrier resistance of the PMOS devices, especially as the channel length is decreased 
below about 0.8 µm.) The LDD, however, will generally reduce 10 due to a rise in the 
series resistance of the drain region. Thus, a tradeoff analysis between an increase in 
V PT and a decrease in the drain current must be made. 

Adding an LDD structure to a PMOS device in CMOS involves relatively straight­
forward changes to the process sequence. The gate sidewall spacers are already available 
from the creation of NMOS LDDs, but there is some increase in process complexity, 
(especially if the former process used a maskless ,z- implant to form the tip regions of 
the NMOS LDD). That is, to form both PMOS and NMOS LDDs four masking steps 
are generally needed (n·, p·, n+, p+), rather than just two. However, a two-mask 
process, which employs removable polysilicon spacers, has also been reported. 104 

5.8.3.4 New PMOS Device Structures Designed to Suppress 
Punchthrough. New PMOS device structures have also been proposed to minimize 
punchthrough current. For example, a small segment of an n-type region can be created 
by ion implantation between the p-type SID and the channel as a punchthrough stopper 
(refer to Fig. 5-71). This structure has been termed a double-implanted or halo structure. 
One report of such a halo device with L = 0.5 µm used a phosphorus implant dose of 
lxl012 cm·2 at 130 keV.78 A sidewall spacer was used to form the lateral offset of the 
n-type region in this device. However, since the p+ source/drain is offset from the gate 
by the sidewall spacer, this method of forming the local n-regions degrades the drive 
current and impairs hot-electron immunity.79 Furthermore, as this technique also places 
a highly doped n-region adjacent to a highly doped p-region, the maximum halo doping 
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is determined by the onset of low-level avalanche at the chosen supply voltage and 
channel length. 

A large-tilt-angle implant can be used to fabricate halo-type structures without a 
sidewall spacer, thereby gaining the benefits while avoiding the problems of the 
structure of Fig. 5-71.79 The dopant is placed precisely between the p+ source and the 
buried p-channel junction. The lateral penetration and depth of the n-type region are 
controlled by the implant energy and tilt-angle. The peak concentration is set by the 
dose. A typical implant sequence to form such a large-angle tilt implanted punchthrough 
stopper (LA TIPS) structure as shown in Fig. 5-72 is: (I) implant phosphorus at 90 ke V 
with a dose of 2x!013 cm·2 at 25° tilt, in two segments, with the target rotated 180° 
between segments; then (2) implant BF2 + (source/drain) at 40 ke V (no tilt) to a dose of 
3x 101s cm·2. so 

Devices fabricated using the LATIPS process were compared to conventional 
PMOSFETs. LA TIPS devices showed dramatically improved punch through 
characteristics for physical gate lengths as small as 0.5 microns. As an example, the 
OFF-state leakage current was eight orders of magnitude smaller (at -3V drain bias) than 
that of a conventional control device fabricated without the LA TIPS structure. This 
dramatic improvement in punchthrough resistance was achieved without extreme scaling 
of the source/drain junction depth or the 11-well background doping. That is, the p+ 
source/drain junction depth was about 0.2 µm and the 11-well concentration was lxJ016 

cm·3. Furthermore, the benefits were obtained without significant degradation of device 
performance. That is, no gate-oxide degradation was observed as a result of using BF2 + 
source/drain implants at 8 keV, even at doses of 5x!015 cm·2• Better high-current drive 
capability than conventional devices was also exhibited, as well as a smaller body (back­
gate bias) effect. 

p REGION 
(counter-doped) 

xi= 0.17µm 

GATE OXIDE 
c1 ooA) 

n+ POLYGATE 
(0.5µm) 

0.25µm 
SPACER 

Xj= 0.27µm 
'-""'"---,fr 

n-well 
(1x1016 cm·3) n+ 

PUNCHTHROUGH 
STOP 

Fig. 5-71 PMOS Punchthrough-stop structure.78 (© 1985 IEEE). 
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Fig. 5-72 LATIPS process sequence for PMOSFET: (a) Pattern gate over an n-well region 
that has been conterdoped with a p-type implant (BF2); (b) Large angle tilt implant with 

phosphorus; (c) p+ Source/Drain implant (BF2),79 (© 1988 IEEE). 

5.8.4 PMOS Devices with p+-Polysilicon Gates 

The use of a boron implant to adjust VTp becomes less feasible as devices use even 
thinner gate oxides, since larger doses of boron are needed. Yj thus becomes deeper, and 
the punchthrough problem worsens. In addition, buried channel devices are subject to 
more process variability stemming from the difficulty of controlling the compensating 
implant. Solutions involving the use of gate electrodes other than n+ polysilicon must 
therefore be explored. One alternative is to use p+ polysilicon for PMOS devices. This 
approach appears to become necessary for CMOS and BiCMOS once L becomes smaller 
than 0.5 µm. 

When p+ polysilicon is used for the gate material, VTp is shifted from the values that 

occur when n+ polysilicon is used. Figure 3-20 also plots VTp as a function of substrate 
doping when p+ polysilicon is employed (using the scale on the right side of the 
figure). VTp can be seen to be less negative than -0.7 V over the substrate doping range 
of J0 15-J0 17 cm·3. Thus, VTp can easily be made more negative through the 
implantation of phosphorus or arsenic into the channel. If p+ polysilicon is used 
throughout the circuit, however, the NMOS device then has to be overcompensated in 
order for VTn to be reduced to sufficiently small values. (Note that some reports have 
been published on the use of p+ polysilicon alone.81 •82) This implies it would be ideal 
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to use both n+ and p+ poly gates on the same chip (with n+ poly for NMOS devices 
and p+ poly for PMOS devices).83 ' 

Such a dual-doped poly approach, however, adds process complexity, and also 
introduces other problems. One drawback of is that the sheet resistance of p+ poly is 
-3x higher than that of an n+ poly film of the same thickness, because the mobility of 
holes is -3x smaller than that of electrons in Si. A second problem arises from the 
need to connect the two types of poly (e.g., at the input of an inverter). Such problems 
occur when a silicide overlayer ( or strap) is used to make the connection between n+ and 
p+ poly (as a method to avoid a separate, space-consuming metal contact). Because the 
silicide strap provides a very rapid diffusion path for boron and arsenic, one type of poly 
can be counterdoped by the other when the device is subjected to high-temperature 
excursions. This counterdoping can occur to the degree that a region of poly can change 
doping types (i.e., from n+ top+). In such cases, the threshold voltage of devices with 
counterdoped poly will be shifted from their designed value. 

If the processing temperature is limited to 800°C after the two types of poly have 
been connected by the silicide, such lateral diffusion does not produce significant shifts 
in VT.84 On the other hand, temperatures of 900°C will produce sufficient counter­
doping to significantly shift VT. Since one of the last high temperature steps in CMOS 
is activation of the source/drain implants, this would mean either using a lower­
temperature activation step, or performing the step prior to formation of the silicide 
layer. 

Another approach is to form a polysilicon electrode with an overlying conductor 
layer that suppresses such counterdoping. One such structure is a W-TiN-poly electrode 
structure. 85 The thin (30-nm) TiN film acts as a diffusion barrier to the dopants in the 
poly and also prevents reaction between the poly and the W. Very little of the dopant 
present in the poly is found to diffuse into the W, even following an anneal at 900°C 
for 1 hour. 

Another problem encountered with p+ poly gates when a thin gate oxide is used is 
poor VT process control in the PMOS devices, due to penetration of the boron into the 
oxide (or further, into the silicon). It is reported that boron will penetrate gate oxides 
that are :s;J2.5 nm thick during a 900°C 30-minute post-implant anneal in N2.86 This 
implies that if p+ poly gates are used, a lower processing temperature may be needed. If 
too low a temperature is used, however, the boron implanted into the polysilicon will 
not be sufficiently redistributed. The polysilicon dopant concentration at the 
polysilicon-gate oxide interface could thus end up being less than the mid-J019/cm3. 

This would make the work function of the polysilicon different from the desired 
degenerately doped value, creating VT control problems in the MOS devices. 

It has also been found that the presence of fluorine in the gate oxide worsens the 
boron penetration problem (Fig. 5-73).87,88 Such fluorine can be introduced into the 

. gate oxide if the PMOS source drain regions are implanted using BF2 +. Elemental 
boron is therefore considered inherently superior to BF2 + as the implant species for 
surface-channel PMOS devices in CMOS technologies that use p-doped polysilicon. A 
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Fig. 5-73 Boron penetration through the gate oxide causes Yr in BF2 implanted 
PMOSFETs to shift positive at anneal temperatures above ~800 °\.87 (© IEEE 1Q89). 

study of enhanced boron diffusion through thin SiO2 layers in a wet oxygen atmosphere 

is also reported in reference 89. 
It also appears that nitrided oxides and reoxidized nitrided oxides (see chap. 9) are 

effective in blocking boron diffusion.9° For this, and other reasons, they are being 
extensively studied for use as candidates to replace SiO2 as the gate insulators in dual­
gate CMOS processes. An alternative approach to introducing nitrogen into the gate 
oxide to block boron penetration is through ion implantation. Recently, ion 
implantation of nitrogen into the gate p- and n-doped poly electrodes of a 0.25 µm 
CMOS process has been reported. The heavy nitrogen dose (lx!015 cm·2) resulted in 
the gate oxide incorporating high concentrations of nitrogen. This had the effect of 
suppressing boron penetration of the gate oxide. 110 

Hot carrier effects in p+-poly 0.5-µm PMOSFETs have also been examined. Stress 
experiments showed significantly more electron trapping in short stress times than is 
observed in NMOSFETs. The device degradation due such trapping can be severe 
enough that it may pose a problem in such devices_l1 8 
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