1882 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 11, NOVEMBER 2002

Impact of Lateral Source/Drain Abruptness
on Device Performance

Michael Y. Kwong Student Member, IEEReza Kasnavi, Peter Griffin, James D. Plumniellow, IEEE and
Robert W. Dutton Fellow, IEEE

-
£y

Abstract—This paper presents a detailed study of the impact —o_ V. roll—off
of lateral doping abruptness in the source/drain extension region t
and the gate-extension overlap length on device performance.
Proper choice of the metric used to compare the different device
designs is essential. Series resistance and threshold voltage
roll-offs are shown to be incomplete measures of device per-
formance that could lead to inconsistent lateral abruptness
requirements. While series resistance is seen to improve with
increasing junction abruptness, threshold voltage roll-off could
be degraded by both lateral junctions that are too gradual and
too abrupt—in contrast to the conventional scaling assumptions.
The I, (supernominal)-I,& (subnominal) plot, which takes into
account statistical variations of gate length, is proposed as a
good metric for comparing different device technology designs.
Gat_e-extensmn overlap length is shc_)wr] _to Int_eract with Iate(al Fig. 1. Lateral source/drain abruptness requirements according to the
doping abruptness and to have a significant impact on device |nternational Technology Roadmap for Semiconductors based on threshold
performance. voltage roll-off and series resistance considerations.
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. INTRODUCTION numbers: one based on source/drain resistance [1], and another

EVICE scaling has resulted in dramatic increases in pé}ased on short channel effects [7]. The difference between them

D formance over the past three decades. Thisis due to the geSubstantial. Before expending resources in trying to achieve
crease in intrinsic channel resistance as the dimensions of M)§ more aggressive targets, it is important to re-examine the
devices become smaller. However, extrinsic series resistanc®®$is for these numbers and reconcile the differences.
these devices does not scale well. As a result, it is becoming & his paper presents the results of a detailed simulation study
significant part of the total device resistance, and its impact &hthe impact on device performance of lateral doping abrupt-
deep submicron device performance can no longer be ignordt§Ss and gate-extension overlap length. The methodology used

Lateral doping abruptness in the source/drain extension Afld the important issue of the proper metric for comparing
gions is a key parameter that has major impact on source/dréfiyice technologies is discussed in Section II. Then the im-
resistance. Ng and Lynch [1] showed the dependence R$ct of lateral source/drain abruptness is examined from the
spreading resistance on lateral abruptness through an analytfé@points of series resistance, threshold voltage roll-off and
calculation. This dependence has been confirmed througHoa—lost Characteristics (Sections Ill-1V). Finally, the impact
sheet resistance argument [2], examination of the quasi-Fefhhalo doping, and the assumption that the source/drain exten-
level in the extension [3], and rigorous resistance calculatiofi9n doping profile is described by a tensor product is examined
based on two-dimensional (2-D) device simulation [4]. Gharll} Section V.
et al.[5] and Osburret al.[6] showed that the minimal overlap
required for proper device operation depends on lateral abrupt- Il. METHODOLOGY
ness, with important implications for device optimizationa simulation Details
Furthermore, lateral abruptness has been shown to affect short

channel effects [7]. It is obvious that lateral abruptness effectsDeVICe simulation is well suited to the study of lateral abrupt-

are very important for device design as technology sce1|ir5§SS m_the soqrce/ dra!n extenglqn. It allows precise control of
continues. the doping profiles, which are difficult to ascertain experimen-

Fig. 1 shows the requirements for lateral source/drat lly. The device parameters (Table 1) are chosen according to

doping abruptness as predicted by the International Technol (;pZOOS technology node on the ITRS roadmap [8]. The 2-D

Roadmap for Semiconductors (ITRS) [8]. There are two sets ing profile of the extension is assumed to be a function of
the form

Manuscript received February 25, 2002; revised June 13, 2002. The review N(:r. y) =N. fy(y) . fx (J) (1)
of this paper was arranged by Editor J. Vasi. )
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TABLE | Xgate Xjunc
PARAMETERS FORSIMULATED DEVICES
: : ospg(_:gr galel

Vad (V) 0.9 - P Loverlap
Lgate (nm) 50
Poly Doping (cm™3) 5.4 x 10%
taz,eff (nm) 1.5
Extension X; (nm) 20
S/D Extension Peak Doping (cm™2) | 2.6 x 10%°
Substrate Doping (cm™%) 7.5 x 10®
Sidewall Spacer (nm) 40
Contact Size (nm) 80 i ) . . . -

e 2 _8 ig. 2. i vice, wi j istivi
Contact Resistivity (Q — cm?) 5% 10 Fig. 2. Schematic of a half MOS device, together with the major resistive

) components. Also shown is the set of key device parameters that are varied in

Target V; (V) 0.35 the simulations.

to help isolate the effects of the lateral abruptness, a uniformThe second criticism is that the conventiodg| /. curve
channel doping is used. The vertical doping profile of the extefails to account for the impact of gate length variations on cir-
sion away from the tip is kept constant as the lateral abruptn@sgt performance. Connelly and Foisy [10] has shown that the
is varied: an exponentially varying doping of 6.5 nm/dec is use@verage leakage of a nominal device can be estimated by consid-
The doping increases from the junction toward the Si(Si®@  ering the leakage of a sub-nominal device 0.78 standard devia-
terface until it reaches the “peak value” (analogous to Fig. 3jons shorter than nominal. At the same time, the expected delay
The lateral abruptness is varied from 1.9 nm/dec to 13.0 nm/d# chain of devices with nominal gate length can be estimated
by changing the lateral to vertical ratio from 0.3 to 2.0. Devicedy considering the delay of a super-nominal device 1.6 standard
with a range of gate and spacer lengths are simulated with g@fgviations longer than nominal. Plotting the supernomipal
Lucent mobility model [9]. Note the spacer length determina€rsus the subnomindlg better predicts circuit performance
the amount of gate-extension overlap. than either the conventional or the nomidg|—I ¢ curves.

In reality, the source/drain implant would resemble more a The impact of lateral abruptness will now be examined from
Gaussian function, and super-halo profiles [7] will be used, $aese different viewpoints: series resistance, threshold voltage
the channel doping will not be uniform. Nevertheless, the presll-off, and the conventional, nominal and worst césg-1, s
vious simplifications are useful for gaining physical insight. Welots. The first two metrics are incomplete, but provide valu-

will revisit these issues in Section VI. able insights into device operation. Tlig,—I, s plots allow
us to draw conclusions regarding the effects of lateral abrupt-
B. Metric for Comparing Device Technologies ness and gate-extension overlap length. This simulation study
also provides an excellent example of the application of various

Choice of a proper metric for comparing device technoIC}
gies is critical. The ITRS uses series resistance and threshdld
voltage roll-off to compare devices with different lateral abrupt-
nesst Neither metric by itself is sufficient for comparing de-
vice designs. Series resistance does not fganto account. Fig. 2 shows a schematic diagram of one-half of a typical
Threshold voltage does not fully reflect the impact of series r&tOS device and its major resistive components. Note the pres-
sistance, which limitd,,,. They both provide only a partial pic- ence of the “overlap spacer” (of length,spac.:), Used to tune
ture of the overall device performance. This is the reason fgie gate-extension overlap lengt,(eriap)-

the discrepancy between the two set of ITRS abruptness numTable Il shows the resistive components calculated using
bers (Section I).

—I,¢5 plots.

Ill. SERIES RESISTANCE

1,,—I.¢ curves provide an alternative, widely used metric. ()
They reflect both power consumption (leakage) and device per- Rop(z) = . / Ias 2
formance (circuit delay) and thus present a more complete pic- é v
ture of digital device performance. Connelly and Foisy [10] Reont, s = ——contee 2
raised two criticisms of the convention@l,—I.¢ curve. First, it las
assumes gate length is a free parameter that can be used to tune Reont.d = Vi = bo=zeons,a 3)
device performance, such as off-current targets. This is not con- ' Iys

sistent with lithography-limited processes: typically, the target
gate length is the starting point; other device parametars where¢ is the quasi-Fermi level obtained from device simula-
then chosen to maximize the drive current while satisfying cofion [4]. Devices with gate lengths of 50 nm, metallurgical
straints such as maximuifyg. Therefore, Connelly and Foisyoverlaps (between the gate and the source/drain extension)
suggest using channel doping instead of channel length as @#eél4 nm, and various lateral abruptness are examined. The
free parameter to obtain the nomig),—I.¢ plots. overlap resistance improves from 1{7to 64 Q as the lat-
eral source/drain abruptness increases from 13.0 nm/dec to 1.9
1in the 2001 ITRS, the requirement dictated by series resistance is dropp&dn/dec. For devices with very gradual junctions, the lateral
2Such as the channel doping. slope extends beyond the overlap region, causing an increase
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TABLE I
RESISTIVE COMPONENTS FORDEVICESWITH L ... = 50 NMAND VARIOUS
LATERAL SOURCHDRAIN ABRUPTNESS THE RESISTANCESARE CALCULATED
AS DESCRIBED IN[4] AND HAVE UNITS OF2/um

abruptnes§ I, Rspace! Roy | Renan| Ton Iog
(nmydec)| (0/um) (2/um) (0/um) (2/um|| (uA/pm) (nA/pm
1.9 135 | 27 64 199 630 51.0
3.3 135 | 27 73 213 572 14.5
4.5 135 | 28 81 220 538 6.9

65 |135 |20 |92 |222 | 513 |40 -

908 |135 |32 | 108 |214 [ 505 |35 0.05 -

13.0 | 135 |47 | 117 | 201 | 512 |48 0.05 L fmieaons) 008
g

. . . . Fig. 3. Plot of threshold voltagé/X, ;:..) versusL,. Note the overlap spacer
iN Rypacer @s Well. An increase in the on-currents is also €Xs adjusted to obtain identical metallurgical channel lengths for devices with the
pected as the lateral source/drain abruptness increases, arsdnis gate length.

confirmed by Table IB.
The problem with using source/drain resistance for com- 45 nm 250 —20 M

paring devices with different abruptness is that off-current 1501
is ignored. When the lateral abruptness of the junction is %125_
increased from 6.5 nm/dec to 1.9 nm/dec, the on-currents >100

improve by 22.7% while the off-currents degrade by over an 0 5 10 15 0 5 10 15
order of magnitude. Using source/drain resistance as the sole

criterion ignores this trade-off, and overestimates the benefits 320 60 nm 340 65 nm
of having an abrupt junction. As a result, the set of abruptness o~ : :
. €300 » 330}
requirement numbers on the ITRS Roadmap [8] based on the <080 //\ 320
series resistance calculations developed by Ng and Lynch [1] >260 310
are overly stringent. 0 5 10 15 ] 15
IV. THRESHOLD VOLTAGE ROLL-OFF 360 70 nm 375
Taur [7], [11] showed that gradual lateral junctions in the 2350 s 370
source/drain extension can degrade threshold voltage roll-off. ?>-’340‘ (R — 365| -
This will now be examined in detail. 330 : 360 :
Fig. 3 shows the threshold roll-off characteristics of simu- Abrupt,;”ess‘(ﬂm,;gc) Ab‘iupt,?ess‘(gm,;gc)

lated devices with lateral doping abruptness of 1.9, 6.5, and 13

nm/dec. The overlap spacer lengtlis {,...,) are adjusted so Fig.4. PlotofV; ;. versus lateral extension abruptness for devices with gate

that devices with the same gate Iength have the same meta“gﬂgths from 45 nm to 80 nm. Note the overlap spacer is adjusted to obtain
. . identical metallurgical channel lengths for devices with the same gate length.

gical channel length. Other device parameters are chosen asin

Table |I. The maximung,,, definition of the threshold voltage is o
used Fig. 4 shows an alternative view of the data. The threshold

voltage in the linear region is plotted against lateral source/drain

L. dly abruptness for devices with the same gate lengths. It is clear
Vs, max gm = fnapmize e v 1 4 thatthreshold voltage roll-offis degraded by lateral source/drain

I = Tl dem it 5) junction gradients that are too graduali.5 nm/dec), consistent
ot e Ly with Crabbé [12] and Taur [7], as well as those that are too

Viitin =Vi(Vas = VJ, lin) abrupt 3.3 nm/dec), which is contrary to existing literature.
Loris This behavior can be explained by considering two competing

= Vs, max gm — I . (6) effects: counterdoping and charge sharing.
‘EV_; Vys=V,

A. Counter-Doping

The excessive threshold roll-off observed in the sub-50-nmThe degradation of threshold roll-off by very gradual junc-
devices is due to the use of uniform channel doping (no haigns is due to counterdoping of the channel doping [7], [11].
doping). For practical devices with these device dimensionsfgy. 5(a) shows four donor doping profiles in devices with lateral
carefully designed, highly nonuniform doping profile is neededource/drain abruptness of 13 nm/dec to 4.5 nm/dec. Fig. 5(b)
Nevertheless, the qualitative trends based on uniform dopigi§ows the net doping that results from adding these donor pro-
provide important insights. files to a uniform channel doping of 4:8 10'8 cm~3. The tail

3The behavior of the devices with the most gradual slopes is affected Byf/these source/drain donor profiles eXtend_S I_nto the channel and
threshold voltage roll-off, which will be examined in Section IV. counter-dopes the edge of the channel. This in turn decreases the

4The issue of halo doping will be revisited in Section VI-A. threshold voltage by lowering the net channel doping. The more
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1a ‘Z' 2'8 nm;:ec (} » Fig. 6. Device schematic of two source/drain junctions with different lateral
101 - -5 nm/dec abruptness. Junction 2 has the more abrupt doping.
~¢+ 4.5 nm/dec E
-0.06 -0.04 -0.02 0
X (microns) 180 50 nm 10020 nm
@) 140 80
Counterdoped =1100; - 60|
S/D Region  Channel g :
6GO 5 10 15 4GO 5 10 15
20
&10
£ $60 ao—32.0m
< S50 35
210" £ 30
(=] o :
51016‘ 3GO 5 10 15 2GO 5 10 15
zZ | —— 13 nm/dec | Abruptness (nm/dec) Abruptness (nm/dec)
1 T_Z_' gg nm;gec Fig. 7. Plot of DIBL versus lateral source/drain doping abruptness for devices
10 7 -2 hm/dec with various gate lengths. DIBL is defined as in (9).
L0 4.5 nm/dec_
-0.06 -0.04 -0.02 0 ; ; ; :
X (microns) Note that increasing junction depth exacerbates short channel
) effects.
Fig. 6 shows two source/drain junctions with different lateral

Fig. 5. (a) Donor doping profile plots along the Si-sinterface, for ~ ahryptness. Assuming the vertical doping abruptness is finite

extensions with lateral abruptness ranging from 13 nm/dec to 4.5 nm/dec. . . . . .
The metallurgical channel length is 44 nin.= 0 is defined to be the center and equation (1) holds, |_ncrea_smg lateral junction abruptness of
of the channel. (b) Net doping plots along the Si-Si@terface, showing the source/drain extension will lead to a more box-shaped pro-

counterdoping clearly. file (junction 2" in Fig. 6). The dopant in the shaded area of the

more abrupt device will lead to an increased “effective junction
gradual the junction gradient, the more severe counterdopiégpth” seen from the channel. This will in turn aggravate short
is, leading to increased degradation in the threshold voltagigannel effects, leading to the degradation in threshold roll-off
roll-off. As Taur showed in [11], counterdoping is a direct counfor the very abrupt junctions shown in Figs. 3 and 4.

terpart of the halo effect [7]. Drain induced barrier lowering (DIBL) is another manifes-
. tation of the short channel effects. Fig. 7 shows a plot of the
B. Charge Sharing amount of drain induced barrier lowering for devices with var-

To understand how junctions with very abrupt lateral gradieus lateral abruptness and gate lengths. The threshold voltage
ents can degrade threshold voltage roll-off, we need to considé¢high drain bias is defined using the “critical-current at linear
the origins of short channel effects. Threshold voltage roll-offireshold” approach [14]
due to short channel effects can be explained through a charge
sharing argument. Unlike the long channel device, a significant

portion of the field lines emanating from the bulk charge in a _ ) _ ) _
short device terminate in the source and drain regions instead‘0¥eréZcrix is defined in (). DIBL is then given by

at the gate. This lowers the threshold voltage. Using the model

Vi, sat = VgS|Id:Icmt,Vds:Vdd 8)

I/;, lin — I/;, sat

given by Yau [13], the threshold voltage of an NMOS device is DIBL = —-=—= 9)
given by dd dlin
whereVy,, = 0.05 V andV;, 1, is defined in equation (6). It
v/ —4€sqNq o, is apparent that the more abrupt junctions exhibit more severe
Vi=Vrp + DIBL effects. Note that an increase in (effective) junction depth

CO.’I)
also degrades DIBL [15].

T ( 14 22 g max )] —2, (7 In summary, there are two problems with ITRS’s use of
L T; P threshold voltage roll-off as a metric [8]. Firstly, threshold
voltage roll-off is only a partial measure of device performance
where L is the channel lengthr; is the source/drain junction and does not take series resistance into account. Secondly,
depth,z 4 max IS the depletion depth in the substratg,z is the the assumption that increasing abruptness always improves
flat band voltage of the MOS system apglis the bulk potential. threshold voltage roll-off is not correct.
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10" TABLE Il
-@- 13 ° (@) I (IN UNITS OF0.1 mAjm) FOR DEVICESWITH I.¢r = 0.1 pA (OR
—o— 6.5 o 0.1 nAFOR L, = 70 nm) AND DIFFERENT ABRUPTNESS (b) PERCENTAGE
—_ 6 || O DEVIATION OF [,,, FROM THE DEVICE WITH THE BEST CASE ABRUPTNESS
510 GATE-EXTENSION OVERLAP = 14 nm
5 Conv. | Nominal | Nominal
~107° 50 nm 70 nm

Abruptness | (0.14/um) | (0.14/um) | (0.14/um)
13 nm/dec 6.605 6.605 3.230
9.8 nm/dec 6.746 6.743 3.298
6.5 nm/dec 6.821 6.802 3.348
4.5 nm/dec 6.852 6.794 3.376

0 025 05 075 1

Ion (A/um) X107 3.3 nm/dec 6.871 6.755 3.394
1.9 nm/dec 6.887 6.676 3.415
Fig. 8. Conventional,,—I.¢ plot for devices with gate lengths from 45 nm (a)
to 80 nm, lateral extension abruptness from 13 nm/dec (squares) to 1.9 nm/dec Nominal | Nominal |
(diamonds), and gate-extension overlap of 4 nm (solid symbols), 14 nménd Abruptness | Conv. 50 nm 70 nm
nm (open symbols). 13 nm/dec | -4.09% -2.89% -5.40%

9.8 nm/dec | -2.05% | -0.87% | -3.40%

6.5 nm/dec | -0.96% 0.00% -1.94%
V. ON-CURRENTS AND OFFCURRENTS 45 nm/dec | -0.51% | -0.12% | -1.15%

3.3 nm/dec | -0.24% | -0.69% | -0.61%
1.9 nm/dec | 0.00% | -1.85% | 0.00%

(b)

We now proceed to examine the uselgf—I,¢ plots for ex-
amining the impact of lateral abruptness on device performance.
These take into account both threshold voltage and series re-
sistance and provide a more complete picture of device perfor-
mance. The conventiondl,,—I.¢ plots, which are widely used B. Nominall,,—Nominall,s Plots

in industry, will be examined first, followed by the refinements The nominall,,,—I.4 plot is obtained with channel doping

discussed in Section II-B. rather than gate length as the free parameter. As the channel
doping is varied, care is taken to maintain the same junction
A. Conventional,,,—I.# Characteristics depth and sheet resistance in the source/drain regions by modi-

Fig. 8 shows the conventiondl,,—I.g plot for several de- fying the peak doping. (Note the results do not change substan-

vice designs. The free parameter along each curve is the y if the same source/drain profile is used instead.) Fig. 9

length and ranges from 45 to 80 nm. The gate-extension overB{ifWs the nominal,,—log plots for devices with gate lengths
length is varied from 14 te-6 nm, while the lateral gradient ©7 70 @nd 50 nm and various lateral abruptness and gate-ex-

of the source/drain extension is varied from 1.9 to 13 nm/det((?.nSion overlap length. Fig. 9(a) shows that for the 70 nm de-

For the same target off-current, drive current improves wit ces, performance impr(_)ves with increasin_g overlap, due to
increasing lateral abruptness. As noted in Section IlIl, the | 1e increased source/drain-to-channel coupling and the shorter

S . .—_.channel lengths (for the same gate length).
provement is significantly less than expected from considering . . . .

. . : The behavior of the 50-nm devices is somewhat different
source/drain resistance or on-current alone. The improvem It 9(b)]. While performance still improves with increasin
in 1, by increasing abruptness from 13 nm/dec to 1.9 nm/d o9 : P P 9

. ) . overlap for devices with “underlap,” due to the improved
0,
for devices with a constardtg value of 100 nA is less than 5/(’source/drain-to-channel coupling, increasing overlap for

[Table ”I(t,’)]’ compared with .the 22.7% improvement ip, devices with sufficient overlap does not improve device perfor-
observed n Tablg I, Wh‘_aré’ff is not kept cqnstant. mance. For ultra short channel devices, short channel effects
For devices with sufficient gate-extension overlap, as thgq severe and dominate. As a result, no further improvements
gate-extension overlap length decreases, the devices stay;aRfeyice performance can be expected from scaling down the
proximately on the same trend lines. In this regime, decreasifgsnel. Using channel doping as the free parameter in the
the gate-extension overlap length (while keeping the gate length_; . 1iots presents a better picture of the limits of channel
constant) only serves to increase the metallurgical changghing for a given technology (given oxide thickness, junction
length. Eventually though, the coupling between the channglpth and other key design parameters) than the conventional
and the source/drain regions degrades, along witdghelos  piots.
performance. This is especially pronounced in devices with theTaple 111(a) compares thg,, for devices with various lateral
most gradual lateral abruptness, suggesting that devices vgurce/drain abruptness. In the “conventional case,” a channel
abrupt junctions are able to tolerate smaller gate-extensi@gping of 4.8x 10'® cm 3 is used; the targek,¢ of 100 nA
overlap. This is consistent with the results reported by Osbugobtained by tuning the gate length. For the “nominal 50 nm”
et al. [6]. case, devices with gate lengths of 50 nm are used, and the target
Note that the conventiondl,,—I,¢ plot assumes the targetl,s of 100 nA is obtained by tuning the channel doping. Simi-
off-current is achieved by adjusting the channel length. Thikrly, in the “nominal 70 nm” case, the targBf of 100 pA is
as noted in Section 1I-B, may not be consistent with a typicabtained by tuning the channel doping. Note that it is not mean-
technology design scenario. ingful to compare thd,,, obtained for the 50 and the 70 nm de-
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(b) (b)
Fig. 10. Plot of supernomindl,,, versus subnominal,¢ for devices with
Fig. 9. Nominall,,.—I.¢ plot for devices with gate lengths of (a) 70 nmnominal gate lengths of (a) 70 nm (b) 50 nm. Gate-extension overlap is annotated
(b) 50 nm. Lateral abruptness of the extension varies from 13 to 1.9 nm/des, plot and range from 14 te-6 nm, lateral extension abruptness from 13
gate-extension overlap for the devices from 14-®nm, while channel doping (squares) to 1.9 nm/dec (diamonds), and channel doping from 4.8 t& 9.0
varies from 4.8 to 9.0« 10'8. 1018 cm?.

vices, since the targdtg values are not the same. Instead, the Gate-extension overlap length is seen to have a significant
focus is on changes if,,, due to varying junction abruptness. impact on device performance. For each gate length and de-
For both the conventional case and the nominal 70 nwice design, there exists an optimal overlap under this metric.
devices, increased lateral abruptness improves device perftaking process variations into account highlights the impact of
mance. The nominal 50 nm devices on the other hand showshiort channel effects, which in turn causes the apparent “op-
optimum abruptness value of 6.5 nm/dec. For these ultra-sha@tal” channel length to increase. For short (50-nm) devices,
devices, short channel effects dominate. The degradationvééry abrupt junctions with a slight “underlap” have the best
off-currents resulting from lowered; due to the increased performance. The increase in source/drain resistance and the
lateral abruptness (Section IV) more than compensate for afygradation in source/drain-to-channel coupling due to the un-

improvements inoy. derlap are more than compensated for by lowered short channel
_ . effects due to the increase in metallurgical channel length. The
C. Supernominal,,—Subnominal.gs Plots 70-nm devices experience less severe short channel effects.

As discussed in Section 1I-B, statistical variations of gat® small overlap of approximately 4 nm is desirable in this
length can be accounted for by considering Iheof a super- case. These results suggest that an “overlap spacer,” which
nominal device and th& g of a subnominal one. This turns outallows tuning of the extension overlap, would be useful for
to have a major impact on device design. device optimization.

Fig. 10 shows the supernomina), versus subnominal,g It is also shown that the impact of lateral abruptness on
curves for the same device designs used in earlier discussiaftssice performance depends on the amount of gate-extension
The subnominal device is assumed to have a gate length thagverlap. An abrupt junction is desirable for devices with
5 nm shorter than the nominal device, while the supernomingkufficient overlap (the-6 nm case), due to the decrease in
device is assumed to have a gate length thatis 10 nm longer th@# source/drain resistance. On other hand, for devices with
the nominal case. substantial overlap (the 14 nm case), a more abrupt junction

5These values are appropriate for an earlier generation of devices descriacglu‘-ally hurts deVIC? F.Je.rformance, d.ue t.o increased chgrge
by Connelly and Foisy [10]. According to the 2001 ITRS, fhg,.. tolerance gﬁarmg' Note that this is in contrast with Figs. 8 and 9, which
for the 50 nm generation is approx 2.5 nm. does not highlight short channel effects to the same degree.
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Spacer |7 § Gate Spacer Gate

verlaj

7!

Gradual Junction Gradual Junction
Halo Halp

Spacer Gate Spacer Gate

Fig. 11. Overlap spacer is used as a tunable paraniefer, is kept constant Fig. 12. Overlap spacer is not used as a tunable paranieter, is kept
for different lateral abruptness by varying overlap spacer length, whjlg.  constant for different lateral abruptness by varying, ..
remains constant.

260 200
VI. DISCUSSION 250 175
A. Halo Doping 240 150$
. N . . 230
Uniform channel doping is assumed for the devices consid- E 125;
ered thus far. However, for deep submicron devices, halo/pocket ._%20 1000
implants are required to maintain acceptable short channel be- =210 = 75 g
havior [7]. The impact of introducing halo doping on under- 200
standing lateral abruptness effects will now be examined. In par- 190 > 150
ticular, the focus will be on the threshold roll-off characteristics 180 25
of devices with different lateral abruptness (analogous to Sec- 0 5 10 15 20 25 30
tion 1V) xext (M)
The source/drain doping are described by (1) and the f@ly 13 Threshold voltage and DIBL for devices with fixed halo (Fig. 11).
lowing (similar to [16]): The lateral extension abruptness is controlled by the characteristic length of

the Gaussian. Note high&f; (closer toV; 1ong = 0.35 V) implies decreased
threshold roll-off.

fy(y) :e((y_ypeak)/ay-ﬂmf)2 (10)
(T=pear)/Ta, cnt)?. 500
e P LT > Tpeak
fe(z) = P (11) 450 140
1: T < Tpeak-
400 _
- ; S350 1202
The basic source/drain parameters are taken from the well-tem- = E
pered MOSFET [17]. The metallurgical channel lengthis 22 nm =300 1003
ando,, ..+ is 17 nm for all devices. A complete treatment of halo =250 o
design is outside the scope of this paper, but it is important to 200 80 a
note that some halo designs may require tunable spacers to im- 150 —
plement. The benefits from the optimal design must be weighed - R
against the complexity in the fabrication process. 1000 5 10 15 20 25 36’0
Two scenarios are considered. In the first (Fig. 11), the gate Oxext (M)

length is kept constant at 50 nm. As a result, the location of
9 P ’ Fig. 14. Threshold voltage and DIBL for devices with varying halo (Fig. 12).

the _halo iS_ ﬁxe_d- A constant metallurgica_l Char_mel_ length fGhe jateral extension abruptness is controlled by the characteristic length of
devices with different lateral abruptness is maintained by attle Gaussian. Note high&, (closer td/;,1on; = 0.35 V) implies decreased

justing the overlap spacer. In the second scenario (Fig. 12)h#shold roll-offfincreased threshold roll-up.
constant metallurgical channel length is achieved by changing
the gate length. As a result, the location of the halo varies forFig. 14 shows the threshold voltage and DIBL for devices
the different devices. Note that the second scenario is the typitathe second scenario. Here the threshold voltage roll-off im-
scenario considered in the lateral abruptness effects literatungzoves monotonically with increasing junction abruptness (de-
Fig. 13 shows the threshold voltage and DIBL for devices icreasings,. ...:). This is consistent with the results in [11], and
the first scenario. The threshold voltage roll-off is degraded igrms the basis for the claim that short channel effects improve
both lateral doping gradients that are too abrupt or too graduaith increasing abruptness. However, DIBL effects are clearly
a result of the interplay between counter doping and chardegraded as the lateral gradient increases, suggesting charge
sharing effects. Also the degradation of DIBL with increasesharing effects in fact degrade with increasing lateral junction
lateral gradient is obvious. abruptness.
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the overall benefit of a laterally abrupt junction, as we discussed
in Section \#

VII. CONCLUSIONS

Proper choice of performance metrics is important for
comparing device design options. Series resistance by itself is
not a good criterion for judging device performance, since it
considers only on-currents and ignores off-currents. Similarly,
threshold roll-off does not take into account series resistance.
To reconcile the two sets of ITRS abruptness requirements,
both 1,,,, and ¢ must be considered.

For this reason/,,,—I,¢ curves are useful in comparing
different technologies. Two refinements of the conventional
1,,—I.g plot are described. Use of the channel doping instead
of channel length as the free parameter better matches the
typical technology design scenario and quantifies the limits
of device scaling. Channel length variations can also be taken
into account through consideration of supernomifjglversus
subnominall,g device behavior.

A thorough simulation study of the impact of lateral
source/drain abruptness and the gate-extension overlap length
on device performance is presented in this paper, from the

. (Hm) 0.05 - viewpoints of series resistance, threshold voltage roll-off and
the three kinds of ,,,—I,g plots.
(b) Lateral source/drain abruptness has a dramatic impact on the
Fig. 15.  Doping at the surface of devices in (a) Scenario 1 and (b) Scenarigaries resistance of modern MOS devices. This is significant
with various lateral abruptness,(, ... from 2.6 to 26 nm). since external resistance makes up a larger fraction of the total

resistance of MOS devices as device scaling continues.

The reason for the continual improvements in threshold At the same time, for source/drain extensions whose doping
roll-off as abruptness increases in this scenario is the changhigfile is well described by a tensor product, it is shown that
halo location. Fig. 15(a) and (b) show the net doping alorige threshold roll-off characteristics are degraded by a lateral
the surface. Under scenario two, as the lateral abruptnesse¥ension junction that is too gradual or too abrupt, and there
the extension increases, the gate length has to be decreds&h optimal abruptness for a given extension junction depth
to maintain a constant metallurgical channel length (corréesign, a result of the competition between counterdoping and
lated with the effective channel length), causing the halo @harge sharing effects. Note that the presence of halo doping
move closer to the center. The doping at the channel cengétild mask this effect.
is increased. The increase in the threshold voltage masks th&he gate-extension overlap length is shown to have a signif-
degradation in charge sharing effects, resulting in the threshigt@nt impact on device performance, suggesting the use of an
voltage plot of Fig. 14. This also explains why the threshol@verlap spacer would be beneficial for device optimization. The
voltage behavior described in Section IV has not been observeypact of lateral abruptness @y, —I.s depends on the gate-ex-

by previous publications. tension overlap length. For devices with substantial underlap,
increasing abruptness improves performance. For devices with
B. Source/Drain Doping Description sufficient overlap, increasing abruptness hurts performance.

In general, increasing lateral source/drain abruptness lowers

ries resistance, which tends to improve the drive current.
ever, for very abrupt junctions, this improvement is miti-

ted by the degradation in leakage currents due to more severe
rt channel effects. The net improvement jn—/.g is less

Another assumption of this paper is that doping in thge
source/drain extension region can be described by a ten
product as in (1). Under this assumption, increasing later
abruptness would lead to a more box-shaped profile. This i

reasonable approximation for doping profiles resulting froW}an would be expected if series resistance alone is considered.

ion implantation and diffusion. As a result, the potential improvement in device performance

However, itis not known if (1) is appropriate for doping PrOShould be carefully weighed against the cost of increasing

files resulting from techniques such as laser annealing, a Ieadfg%
. ; . . . ral abruptness.
candidate for creating ultra abrupt junctions [18], [19]. Priv- P

itera et al. [20] S!"ggeSt that Ia_ser anneallng cpuld result in A6|ncreased lateral abruptness is not the only benefit of laser annealing. Laser
box-shaped profile. Hence, using laser annealing as the meanaling also increases the vertical abruptness and the activated doping con-

to obtain an abrupt lateral doping gradient may also couple ggqtration, and allows the construction of ultra shallow junctions [18]. While
lateral abruptness by itself may not confer much performance benefits, these

abrupt junCt_ion with a box-shaped pmﬁle{ V\_’hiCh would causgeiors may combine to offer improved performance for laser annealed devices
charge sharing effects to be degraded. This in turn would lesses).
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