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CHAPTER 5 

MOS TRANSISTOR DEVICE PHYSICS: PART 3 

THE SUBMICRON MOSFET 

The two maj or gooJs of MOSFET scalil)g are 10 increase the density and speed of the 
digi tal l Cs in which such sc11lcd-down devices are used. I ncreasing density obviously 
me,tns using smaller channel lengths and widths. To increase the speed of digital IOi, 
the MOSFET saturation drain current losa1 must be i ncreased (i.e., to allow faster 
charging ant! discharging of parasitic capacitances), From the Jong-channel MOSPET 
models given in chap. 4. u decrease in either the channel length I... or gate oxide 
thickness lox will lead 10 M increase in losat• In fact, the long-chaM el MOSPET 
models predict that l osat should continue to increase i ndefinitely as I... and lox arc 
dccrcasccl, seeming lO imply 1ha1 only the l imitntions of process 1cchnology (a11d !l0L 
device effects) prevent the manufacture of even smaller, higher-performing MOSFBTs. 
Tn nd<li tion, the MOSFBT models of chap. 4 al~o accurately describe many other clcvice 
chnracleristics of long-channel MOSFETs. including threshold voltage, subthreshold 
current, and the 10 -Vos characteristics in strong inversion. 

However, as process lechnology imrroved 10 the point where dovicl:S could be 
fabricated with gale lengths smaller than ~2 Jim, i t turned out thnl MOSFETs began to 
exhibit phenomena not predicted by the long-channel M OSFET models. Such 
phenomena were thus termed slwrt-G'ha1111e/ effects. One of the more surprising of such 
short-channel effects (which becomes c.cipecinlly pronounced as I. decreases below 0.5 
µm) is thllt the drain current in sa1ura1 io11 !usnl shows far less increase as l is decreased 
thnn is predicted by the long-channel models (sec Pig. 5-1 ). 1•'17 In fact, in the simple 
model to be presented in section 5.4, losut is prcdlcte<J to become indcpcodcot of l in 
extremely small MOSFETs, approaching instead. n constant value given by Q1v81uZ 
(where vsat is the saturation vclochy of the carriers, as described in section 5.4. 1.2). In 
contrast, reducing lox (which bas lhe effect of increasing Ute oxide field. and i n turn 
causes Q1 Lo i ncrease), yields a considcrahly greater increase in £0501. Purthcrmorc. ns 
shown in Fi g. 5- 1 l osat will also i ncrease more rapidly os L is clccrc:ised if l he 
M OSPUT has a 1hin11er gate oxide. This bcncnt pmvicles even n greater impetus ror 
making lox as thin us possible as gme lengths arc tlecrcased rurthcr in the drive for 
higher density. 

Since the quest for higher densi ty sti ll requires L (and Z) to he rurthcr reduced. i t 
will ncve11heless be necessary to confront the other short-channel effects (beside.5 the 
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Fig. 5-1 Measured and calculated losat for an array of deep submicrnn NMOS transistors 
with four different gate-oxide thicknesses.47 (© 1987 IEEE). 

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

l ncreased 11Qff-stalc11 leakage in shorH:hannel MOSPET.s is due to several 
phenomena, including: (a) lowering of the threshold voltage VT as f .. is decreased and/or 
Vos is increased: (b) the onset of punchthrough al smnller druin biases us L is decreased, 
and; (c) an incrc11sc in isolation le.nkagc current as the isolRtion spacing is decreased. We 
will discuss v, lowering and punch1h1·ough in 1his chapter, and isolation leakage 
phenomena in chap. 6. 

The rel iability problems that arise in short-channel MOSPETs inclt1de: (o) thin gate­
oxide breakdown (lo be discussed in chap. 7): (b) device degradation <Jue 10 hot-carrier 
cffec1s (to be discussed in chap. 9); and (c) rel iability problems associated with the 
interconnects between MOSFETs (e.g., electromigration rai(urcs in the metal l ines). 
The laller problem is treated ·in Vol. 2. chaps. 3 und 4. 
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Table 5-1. Comparison of Long-Channel and Short-Channel 
MOSFET Characteristics 

Long-Channel MOSFET Behavior 

1. The threshold voltage VT is independent 
of channel length L and width Z. 

2. VT is independent of drain bias voltage. 

3. v,. depends on Yes according to Eq, 4-12 
(with Yee in Eq. 4-12 replaced by V85). 

4. The suhthreshold current lost 
increases linearly as L decreases. 

5. Inst is independent of drain bias. 

6. The subthrc.~hold swing S1 is independent 
of gate length. 

7. The drain current in saturation losal is 
independent of Yns-

8. losat ls proportional to (V GS - V-r)'-

9. fosat is proportional Lo 1/l. 

Short-Channel MOSFET Behavior 

I. VT decreases as Lis decreased. 
VT may also be impacted by changes in Z. 

2. VT decreases with increasing Yns, 

3. VT increases less rapidly with Vas 
than predicted by Eq. 4-12. 

4. lost increases more rapidly than 
linearly as l decreases. 

5. lostincroases with increasing Vns, 

6. St increases with decreasing L. 

7. lnsat increases as Vos increases. 

8. losat is proportional lo (V GS - VT). 

9. As L -+ 0, losat becomes independent of L. 

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

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

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

From Table 5-1 we can see that the short-channel effects can be divided into the 
following categories: (a) those that impact VT (Ilcms 1-3): (b) those that impact 
subthreshold currents (I tems 4-6); and (c) those that impact I0 when the MOSFE'l' js 

operated in saturation [i.e., Yns>(V GS - Yr )], namely Items 7-9. In this chapter we 
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Fig. 5-21 Two sets of Jog Io versus Vas curves for MO FETs, with Vos varying in IV 
increments. (a) No indication of punchthrough is observed, us St remains constant for all 
values of Vos - {b) Onset of punchthrough occurs as Vos roache ~6V, as evidenced by an 
increase in St that poinL (c) Punehlhrough current paths (dotted) in a surface-channel 
NMOSFET with Vos: 0.5 and 3.SV. Solid line shows the depletion region edge. The current 
path transfers from Lhe surface to bulk as V 05 is increased.74 (© 1988 IEEE). 

one technique for delect.ing the onsel of punchlhrough in a MOSFET is to monitor St 
as Vos is increased .. 

For example, in Pig. 5-21 two sets of lost versus VGs curves with Vos as the 
parameter ·ire sh wn. In lhc M • F T t:haractcrizcd by Fig. 5-21 a St I emain. c n rnnt 
as Vos is in rea ed. indicating lhnl no punchthrough is obs rved up l th maximum 
appliecJ Vps, rn Fig, 5-2lb S1 incrcn, c. n Vos is in rca cd b yond -4V, intlic ting that 
pun hlhr ugh s IS in at about 1his value. 

Punchthrough i . phenomenon n. ociatcd with the merging <)f' the . ourc and drain 
deplcti ,n regions in the M . Thm 1 . ns 1h channel gels . h r1cr. lhc. c depleri n 
region edges g t clo er (assuming Lhat the h:mncl-region doping i. kepi c<.lll tunt ru L 
i • decrca ed). When lhc channel length is decreased LO roughly the sum f th tw 
junction depletion widths, punchthrough is established, (Note that punchthrough may 
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even exist in a short-channel device at Vos = 0, depending on L and the subslralc 
doping.) Ncverlheless, since the depletion regions of a pri-junc ti on widen as reverse­
bias is increased, all MOSFETs would eventually enler punchthrough if a high enough 
Vos could be applied. However, in MOSFETs with L>2.0 µ.m, breakdown ofthe.drain­
subslratc juoclion generally sets in before this punchthrough voltage is reached. As a 
result, in practice, punchthrough is not a limiting factor in long-channel digital 
MOSFBT design. In shorter-channel devices (i.e., LS2..0 µm) however, punchtbrough 
does represent a serious limitation. 

Another factor al o impacts punchthrough behavior in rt-channel MOSFETs. That is, 
in submicron NMOSFETs a VT-adjust implant is used lo raise the doping of the 
surface-channel region above the doping of the substrate. (This can also be viewed as an 
i.ncrease in the electrostatic potential at that point near the source.) Thu , tile 
source/drain depletion -region widening is greater beneath the surface due lo the lighter 
doping there. A punchthrough condition would therefore be lirst established below the 
surface fo such devices, and hence th.is effect is refe1Ted to as subsurface punchthrough 
(see Figs. 5-22 and 5-23 . Nole that in PMOSFETs fabricated with n+ polysilicon 
gates the punchthrough problem occurs in a somewhat different manner, which we will 
describe jn a later section dealing with thi s issue (i.e ., sec tion 5.8.2.3). 

Once subsurface punchthrough occurs, any increase in the applied reverse-bias drain 
voltage (beyond that required lo establish punchthrough) will lower the potential energy 
banicr for majority carriers in the source.6 With a diminished barrier height, a larger 
number of source-region majority carriers (e.g., electrons in an NMOSFET) have 
enough energy to be injected from source Lo substrate. Some of these injected electron' 
are collected by the drain, causing lost to increase. The component of Inst which flows 
as a result of subsurface punchthrough i:-; known as ptmchthrough current. When 
designing MOSFUTs one criterion of a succe sful device design is that the 
punchthrough current should be insignificant under nomial bfas conditions. That is, if 
sufficient punchthrough currcnL is observed, the device structure must be redesigned to 
effectively suppress such eun·enl. 

p-sl 
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0 sµ.m 
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••••• •······· 
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Fig. 5-22 (a) NMOSFET wilhout v,.-adjust implant. (b) NMOSFET with Yr-adjust implant. 

showing the bulging of the drain depletion region beneath the surface as Vos is increased, due 

to the lower doping concenlratlon in the suhstrate below the depth of the VT-adjust implant. 
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Two-dimensional simulations of the potential in the channe1 regions of short 
channel NMOSFETs with V-r-adjust implants support the view Iha[ 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 j unction depths), 
Pigure.s 5-23a, c, e and g show a "bird's eye" or perspective view of the electrostatic 
potential variation in a short-channel MOSPET computed using such 2-D numerical 
analyses, as Vos is increased from Vos= 3V to Vns = 9V. Figures 5-23b, d, f and h 
show contour plots of U1ese same results. We can see that when the device enters punch­
through the location of the elcctrostat ic 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. S-23g and 
i), in such cases the component of current due to subsurface punchthrough will be larger 
than the channel-current component, and the subsurface current will flow along the path 
indicated by the subsurface potential ridge connecting the source and drain. Figure 5-21c 
shows a simulation of the sublhreshold current paths in an NMOSFET with L = 0.6 
µm for surface-DIBL (i.e., Vos = 0.5V) and for subsurface-DIBL (punchth.rough, V08 = 
3.5V). This shows that the sub1h,-eshold current path transfers from the surfocc Lo the 
bulk as V 05 incrcoses, which supports the view that at low Vos surface-DIBL is 
responsible for the increase in lost in short-channel NMOSFETs, but that at high V 0 8 

punch through becomes the primary cause of subthreshold leakage. 
Subsurface punchthrough exerts the higgest impact on circuit operatlon when the 

MOSFET is OFF, since a tiny punchthrough current in this case caI1 still represent 
intolerable leakage. However, the device parameter most commonly used Lo characterize 
punch through behavior is the pwu:hchrou.g/, voltage V P'r defined as the value of Vos al 
which lost reaches some specific magnitude (e.g., 1 nA/µm) when V GS= 0. The goal in 
designing aMOSPET is to have VPT exceed any possible operating Vos• Thus, YrT is 
measured when the device is in subthreshold, as will be discussed in upcoming 
paragraphs. Note that VPT can he roughly estimated by determining the value of Vos at 
which the sum of the depiction widths Ws under the source and W 0 under the drain 
(using the value of the doping conccntralion in the substrate as Nsuu) equals the channel 
length L, or from the expression14 

(5 - l 7) 

Nevertheless, no accurate analytical model exists for estimating V PT as a function or 
implant dose and depth. A full numerical solution or the 2-D Poisi;on equation must 
thus be obtained 10 predict the variation of V PT for each device structure. 

Several measures can be taken 10 prevent short-channel MOSFETs from entering 
subsurface punchthrough. rirst, the substrate doping can be incre11scd to decrease the 
cleplction~lnycr widths. A simple rule-of- thumb proposed by K lnnsen25 is to select a 
minimum substrate dopin~ v<1luc according ro Nsuo>Nc:11'l0, where Nsl,o is lhc 
uniform bulk-substrate doping/cm1 and Nch is the average doping/cm3 in the implanted 
region of lhe channel (e.g., Di/xc;). This approach, together with a single VT-adjust 
implant can produce appropriate threshold and punchthrough voltages for NMOSFETs 
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Fig. 5-23 (a and c) 2-D pcn;pcctive plo1s of the potential in an 11 -channel MOSrI!T with a 
drain bias of (a) 3 V and (c) 5 Y, respectively . Channel length= 1 µm , (band d) 2-D contour 

plots of the same cases. From K. M. Cham, ct al., Computer Aided Design & VLSI Device 
Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with permission. 
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Fig. 5-23 cont. (c and g) 2-0 perspective plols or the potential in an 11-channel MOSFET 
with a drain bias of (e) 7 V and (g) 9 V, respcclively. Channel length= I µm. (f and h) 2-D 
contour plots of the same cases. From K. M. Cham, et al., Computer Aided De,ig11 & VLSI 

Device Development. Copyright 1986 Kluwer Academic Publishers. Rcpri nted with 
permission. (i) Electron concentrntion of the MOSFET in punchthrough, i.e., case g & h. 
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with drawn gate lcnglhs of 1.3 µm nominally operated at 2.5V power supply (e.g., a 
single 20 keV B+ implant at -9x l0 11 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 VPT voltages are reasonable. However, for devices with drawn gate 
lengths of -1 µm (Leff ~0.55 µm), a single VT/punchthrough implanlcannot adequately 
satisfy all requirements, especially if high resistivity (>10 Q-cm) substrates arc used. 

As a result, another approach using an additional implant known as a punththrough 
stopper implant (or punchthrough implant, PTl) must be employed. The second 
implant peak concentration is localed at a depth near the bottom of the source-drain 
regions. Fig. 5-24a qualitatively depicts such a MOSPET 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, Lhc 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 Nsuu (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 punch through implant (i.e., pdor to annealing the inlplants). In addition, it is 
important to keep the punchLhrough implant profiles from spreading out appreciably 
during annealing (see Fig. 5-24c), since the additional doping above Lhe well's value 
adds to Lhe source/drain-Lo-well capacitance and the transistor's threshold voltage 
sensitivity to back biasing of lhcp-weJI. Thus, the post channel implant thermal cycles 
should be kept lo a minimum. An example of such a punchthrough implant for a l µm 
NMOSFETs is a 70 kcV B+ implant al 6xl011 cm·2. 

A third technique is lo locally implant p-type dopants (in NMOSFRTs) 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 
PMOSf.ETs 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 lo use a higher-doped substrate. That is, 
punch through docs not set in until a shorter channel length because of the "halo." A 
penalty in i ncreased sidewall junction capacitance is paid, but this cost is smaller than 
that incurred should lhe bottom area of the junctions lie above heavily doped substrate 
material. The maximum halo doping is detetmined 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 
~3xJ0 17 cm<l, 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 i111pla11tatio11). A till 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 tbrcc 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 al a distance Rp from the gate. with a 

straggle cr. Level C is the original substrate. (b) As~impJanted channel doping profiles with 

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

as-implanted (dashed lines), am.I after anneal (solid line).113 (© 1982 IEEE). 
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Fig. 5-25 (a) "Hulo" NMOS sLructurc,26 (© 1985 rEEE). (b) Yosmax limited by avalanche 

breakdown versus channel length for vnrious peak halo dose .. 26 (© I 985 JEEE). Process for 
producing "halo" NMOS structure using a Self-Aligned Pocket Implantation rsPIJ technology 
is shown.27 (© 199 l IERE). 

5.3.1 Experimentally Characterizing Punchthrough 
The onset of punchthrough in a device can be measured in several ways. As mentioned 
at Lhc 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. V Gs for different 
V DS value~ (Figs. 5-21 a and b). If the curves look like those of Fig. 5-21 a, the device 
doe.~ not exhibit subsurface punchthrougb up to the max imum Vos applied (since Lhe 
slope of Lhe Jog lost curves remain constant as Vos is increased). Tbe curves of Fig. 5-
21 b however, indicate that punchthrough is setting in, with its onset marked by Lhc 
V 0:,-curve having a larger St value than thal ex.hibiled at small V 0 5. (Note that since 
punch through current flows in parallel with ordinary l ost, St wi\l noticeably increa e 
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While this model is useful in providing insight into the general directions that LDD 
device-design should take, it does not provide enough information to be able to predict 
the actual hot-carrier lifetimes of LDD devices designed only from the data provided by 
the model. That is, the assumption is still made that an LDD MOSFET with the 

smaJlest value of tymax will yield a device structure with the highest hot-carrier 
reliability. Unfortunately, this is not always the case. Instead, other factors enter into 
the picture, as will be discussed in the section that examines the issues of hot-carrier 
reliability in LDD devices (section 9.7.2). We will also describe methods that are better 
able to predict hot-carrier hardness in LDD devices (section 9. 10). These are based on 
more rigorous simulation procedures than those used in the above model. 

9.6.1.3 Model for the Series Resistance Introduced by the n· 
Region of the LDD. The value of the resistance Rn· introduced by the n· region 
of an LDD can be simply modeled if we assume that the doping concentration in the n· 
region is uniform (with a value N0 ) along the distance Ln- and to the depth of the region 
rj, In this case, we can model Rn- in an NMOSFET according to: 

(9 - 14) 

where Z is the width of the device and µn is the mobility of the electrons in the 
n· region (e.g., 800 cm2Nsec). The impact of Rn- on 10 is described in section 9.7.1 .1. 

9.6.2 Overview of the Process Sequence to Form LDDs 

The basic process sequence used to form early LDD MOSFETs in simple NMOS 
technologies is shown in Fig. 9-3 I. The poly gate is patterned with an RIE etch 
process designed to produce a poly feature with vertical sidewalls (Fig. 9-31 b). In some 
processes the thermally grown gate oxide beyond the edges of the gate is kept in place 
after the poly etch, in an attempt to maintain a high quality interface under the sidewall 
oxide. This requires a polysilicon etch with extremely high selectivity to oxide, since 
the gate oxide is normally quite thin (e.g., 12.5-20 nm thick). Next, the n· implant 
(also called the graded-drain, or tip implant) is carried out with phosphorus to form the 
lightly doped region of the drain. In early LDDs the doses ranged from 5x 1012 to 
J x J013 cm•2 at energies of 40-60 keV (Fig. 9-3 Jc). Note that then· region at this point 
is essentiaJly self-aligned to the gate electrode. The n· implant is carried out using a 
medium-current implanter with the ion beam tilted at 7° (Lo minimize implant 
channeling effects - see vol. 1, chap. 9). 

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

(b) 

(c) 

Fig. 9-31 Basic process sequence to form an LDD NMOSFET. (a) After poly deposition; 
(b) after poly etch; (c) LDD implant; (d) spacer deposition; (e) spacer etch: (0 n+ implant and 
passivation. 

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

It should also be noted that to account for variations m the spacer oxide layer 
thickness, some overctch is needed in the etch step that creates the spacer. During the 
overetch time the spacer shape is altered (1.e., its thickness and height from the top of 
the poly gale will change). In addition, the field oxide and the silicon m the source/dram 
regions arc also etched. Excessive ovcrctching of these regions 1s undesirable from 
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