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Intrinsic Parameter Fluctuations in Decananometer
MOSFETSs Introduced by Gate Line Edge Roughness

Asen AsenoyMember, IEEE Savas Kaya, and Andrew R. Brown

Abstract—n this paper, we use statistical three-dimensional 20_' R N B
(3-D) simulations to study the impact of the gate line edge v IBM (i-line) 1
roughness (LER) on the intrinsic parameters fluctuations in : ﬁgggg_ﬁl‘lg-“"c) v 1
deep decananometer (sub 50 nm) gate MOSFETSs. The line edge 155 | & IMECine) i
roughness is introduced using a Fourier synthesis technique based O SANDIA (EUV)
on the power spectrum of a Gaussian autocorrelation function. O e
In carefully designed simulation experiments, we investigate the — - SIA Roadmap (2001)

impact of the rms amplitude A and the correlation length A on

the intrinsic parameter fluctuations in well scaled, but simple de- v o -

LER (3A) [nm]
E
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vices with fixed geometry as well as the channel length and width Vv, oo -

dependence of the fluctuations at fixed LER parameters. For the - o o ?/gg’g =) . ¢

first time, we superimpose in the simulations LER and random Sf vD,__,/ °

discrete dopants and investigate their relative contribution to - =7 o °

the intrinsic parameter fluctuations in the investigated devices. r 7

For particular MOSFET geometries, we were able to identify the 0’ N R N B E
regions where each of these two sources of intrinsic parameter 0 50 100 150 200 250
fluctuations dominates. Line Width [nm]

Index Terms—intrinsic parameter fluctuation, line edge rough-

ness (LER), MOSFETSs, numerical simulation, random discrete Fig. 1. Actual data from various advanced lithography processes reported by
dopants. different labs showing that LER does not scale with linewidth according with

the Roadmap requirements.

I. INTRODUCTION the lithography processes is yet another source of intrinsic

N THE past couple of years, MOSFETSs have reached de@%rameter quctuation; [10], [11] yvhich needs f:lose attent_ic_)n.

decananometer (sub 50-nm) dimensions with 40—50-nmLER .has caused little worry in the past smce.the critical
physical gate length devices developed now for the 90-riiinensions of MOSFETs were orders of magnitude larger
technology node [1], [2], 35-nm transistors ready for maégan th_e roughness. However, as the aggressive scaling con-
production in 2-3 years time [3] and 10-nm MOSFETs witfinues _mto the dec_ananometer regime, LER d0e§ not scale
conventional architecture demonstrated in a research envirf€0rdingly, becoming an increasingly larger fraction of the
ment [4]. Intrinsic parameter fluctuations play an increasing§2!€ 'ength. As shown in Fig. 1 the edge roughness remains
important role in such devices at a time when the fluctuatigiPically on the order of 5 nm almost independently of the type

margins shrink due to reduction in supply voltage and increas®glithography used in production or research [10], [12]-{17].

transistors count per chip. Various sources of intrinsic parafilthough attempts have been made to simulate analytically the

eter fluctuations have been studied using numerical simulatidf§Pact of the gate edge roughness on leakage [18] they rely on

with a preference given in the past to random discrete dopafjtdnd parameters and lack predictive power due to the complex

in the active region of the transistor [5]-[7], random dopanfgree—dimensional (3-D) nature of the problem. Previous efforts

and grain boundaries in the polysilicon gate [8] and oxid@ numerically model edge roughness effects were limited in
thickness fluctuations [9]. The line edge roughness (LEngrms of realism and sophistication due to the massive com-

caused by tolerances inherent to materials and tools used’iiational resources needed to perform statistical simulations
on realistic 3-D geometries. Pioneering 3-D simulation studies

treat the problem deterministically using a “square wave”
approximation for the gate edge [19], [20]. The simplified
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on the intrinsic parameter fluctuations in decananometer MOS-

FETs. The gate edge is generated using Fourier synthesis, whicg A=2nm

preserves the statistical properties of the LER in the simulations & A=12nm

For fixed device geometry, we study the impact of the rms am—;:*

plitude A and the correlation length on the variation in the
off-current Ig, on-currentl,,,, and threshold voltag®;. We —s s m——

also study the dependence of the variations on the device georr wavenumber [10° m’']
etry. Finally, for the first time we study the simultaneous effect

. . . 6

of LER and random discrete dopants on the intrinsic parametel
fluctuations in decananometer MOSFETS. g 2

=0 4
Il. SIMULATION APPROACH %—2 .
-4
In this paper, we employ the Glasgow 3-D “atomistic” de- . . , ; .
bap pioy g 60 1(|)0 260 3(;0 4(|)0 5(|)0

vice simulator described in greater detail elsewhere [7], [23].

The LER modeling approach used to generate random junction
patterns is based on a 1-D Fourier synthesis technique and ggfl>  Example of statistical generation of LER data used in the 3-D device
erates gate edges from the power spectrum correspondingil’mulator. Both the power spectra (top) and actual random lines (bottom) are
Gaussian or exponential autocorrelation functions. The parati2W"

eters used are the rms amplitudeand correlation lengti.

Experimentally,A can be thought of as the standard deviatior N
of thez-coordinate of the gate edge, if the gate is parallel to th %
y-direction. The correlation length,, is obtained by fitting of a 081 \¢
particular type of autocorrelation function to the gate edge lineg [ \3 .
It should be noted that the value quoted as “LER” is tradition-& | &
ally defined to be A. In the random line generation algorithm, = .
firsta complex array withiV elements is constructed, whose am- & 441 4 | 1
plitude is determined by the power spectrum obtained from tr g 3 Original Edge Detected

Distance [nm]

D\
[N
ENY

=

%
=
4

COrITe

adopted autocorrelation function as follows: E 02'_ \ ]
Sa(k) = v/a A2Ae= (4129 (1) | eS|
S (k)—ﬂ @ 0'—AE=25-I3nm | -~—---___-__‘ Ly
BV T k2 e T e T

S andSg are the power spectra for Gaussian and exponei - Distance [nm]

tial autocorrelation functions, respectively.= i (2x/N dx) Fig. 3. Autocorrelation of LER captured from 100 nm EUV lines. Correlation
wheredz is the discrete spacing used for the line &nd i < lengths obtained from Gaussiaf ) and exponentialX ) fits and detected
N/2. The phases of the elements are selected randomly, makifiges are also given.
each line unigue. However, on|yV/2—2) elements of the array
are independent. The rest are obtained by symmetry operatiogsists and/or advanced exposure techniques for better LER per-
imposed so that, after inverse Fourier transform, the resultifymance. Therefore we explore a broader range of values for
“height” function H(z) is real. Random line examples generthere parameters in our simulations.
ated using this method are given in Fig. 2 for typical values of For the sake of simplicity and speed we use the drift-diffusion
A andA. Lines generated from a Gaussian autocorrelation fun@D) approximation, with constant mobility, in the simulations.
tion are smoother due to a lack of high frequency componemtihough the DD approach, particularly in combination with a
which are characteristic of the corresponding exponential powsmstant mobility, cannot describe accurately the correct mag-
spectrum. nitude of the current in the decananometer MOSFETS it gives a
In contrast with the numerous values bER, or A, pub- good indication of the expected percentage parameter variations
lished in the literature for different lithography processes (moassociated with the device electrostatics. Therefore in the forth-
of which are currently in the range of 5 nm as depicted in Fig. 19poming figures we present only the relative variatiordp. In
significantly less is known about the corresponding correlatidhe “atomistic” simulations the effects associated with mobility
length, which is reported to vary between 10 and 50 nm [1G§nd carrier velocity variation, due to variation in the coulomb
Our own analysis of SEM micrographs of resist lines obtainetattering from different ionized impurity configurations in each
from EUV [15] and e-beam [17] lithography indicates values ahicroscopically different MOSFET, are also excluded.
A in the range of 20—30 nm. Gaussian and exponential poweln the simulated MOSFETSs the shape of the surface p-n junc-
spectral models are found to perform almost equally well éisn replicates the gate edge profile and follows, in depth, a
least square fits to the captured autocorrelation data [11] @aussian 2-D doping profile. No smearing of the lateral p-n
shown in Fig. 3. It is reasonable to assume thand alsoA junction edge due to 3-D implantation effects or thermal pro-
may be reduced at higher resolution, which can utilize spec@ssing is taken into account. Bearing in mind that with the
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Fig. 5. Potential distribution in a typical 38 200 nm MOSFET with LER
used in this study. The LER parameters Are= 20 nm andA = 2 nm.

20

=)

Fig. 4. Gate and p-n junctions profiles from Taurus process simulation of a
35-nm channel length MOSFET including LER after (a) ion implantation; (b)
30 s RTA at 900°C.
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scaling of devices below 50 nm the typical LER correlation
length becomes larger than the junction depth, such an approach
is not as crude as it might appear at first. To verify this as-
sumption we have carried out, using the 3-D process simulator
Taurus—Process [24], detailed process simulations of a real 35
nm transistors reported in [3] including edge roughness with
A = 20 nm andA = 2 nm. As can be seen from Fig. 4(a) 0z ; 5 3
and (b) for correlation length 20 nm the p-n junction closely fol- rms fluctuations, A [nm]
lows the shape of the gate edge both after the implantation @gl6. Standard deviation of threshold voltagie, for 30 x 50 and 50x 50
after 30 s RTA at 900°C. Although the RTA increases the lat-"™ MYOSFETS as a function of RMS fluctuations, atV, = 1.0 V (squares)
. . . . andVp = 0.1V (circles).
eral junction penetration by approximately 1 nm for the chosen
correlation length, this is not sufficient to smooth the initial fea- L
tures of the poly-Si gate edge. For shorter correlation lengtifSulting in a threshold voltagér = 0.2 V and subthreshold
and/or large thermal budgefst this assumption may not beSI0PeS = 78 mV/decade. The junction depth is kept small
100% accurate [10] but could be considered as a worst-case dge= 7 nm) in order to SUppress short_ chz_inn(_al effect_s without
nario. The expected smearing of the high frequency featuredij§ Use of pockets. _The potential Q|strlputlon in a typicab30
the edge profile due to implantation and subsequent diffusiond@0 "M MOSFET with LER used in this study at gate voltage
also the reason for choosing to use, in the simulations presented = Vr and drain voltage’p = 0.01 V is illustrated in
here, the smoother edge profile generated from the power spltd: ©- The potential follows approximately the shape of the met-
trum corresponding to a Gaussian autocorrelation function. allurgical p-n junction although some field crowding is visible
In the “atomistic” simulations the random discrete dopants m’olun_d mc!entatlons in the channel W,h'Ch tends to smooth the
the case of straight or rough gate edges are generated from'fations in the length of the conducting channel.
continuous doping distribution using a rejection technique. En- . . .
sembles of 200 MOSFETSs with identical design parameters l:?l\jt LER With Continuous Doping
different gate edge patterns and/or discrete dopant distributiondn order to establish a link and similarities with previous
are used to extract averages and standard deviations. results on intrinsic parameter fluctuations induced by random
discrete dopants we first study the LER induced threshold
voltage fluctuations. Similar to random discrete dopants [5],
[7], the random LER introduced threshold voltage fluctuations
In order to simplify the interpretation of the results in oum devices with otherwise identical design parameters even
study, we consider MOSFETSs with simple architecture and typshen continuous doping is used in the simulations. For given
ical effective channel length.g = 30 nm or 50 nm. The simu- device dimensions the standard deviation in threshold voltage
lated devices have uniform doping concentration in the chanmiele to LER increases whef or A is increased. The former
N, =5x10'® cm™3 and gate oxide thicknesstf, = 1.3nm dependence is illustrated in Fig. 6 for 3050 and 50x 50 nm

oV, [mV]
3

I1l. SIMULATION RESULTS
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Fig. 7. Distributions of the (a) threshold voltage (b) on-current and (c) and (d) 1.2 =
off-current in a 30x 50 nm MOSFETSs corresponding to LER with= 20 nm
andA = 2 nm, obtained from simulations at low drain voltagg = 0.1 V.
: i ' 2 ' 3
MOSFETSs assuming LER correlation length= 20 nm. Also, rms fluctuations, A [nm]

similar to the “atomistic” simulations [5], [7], the introduction
of LER results in threshold voltage Iowering compared to tHde- 9. Off current variation as a function of the rms amplitudéor the 30x

. . . . 50 nm MOSFETS/,¢r ;4041 Fepresents the off current of a device with straight
threshold vo]tageVTo qf the generic device with straight gate ;e eqges.
edges. The inset in Fig. 6 plots the average threshold voltage
lowering, (Vr) — Vpro. The threshold voltage fluctuations ]
increase with the increase in the drain voltage. For givenFi9- 8 illustrates the dependence @f,, and o log(/os)
LER parameters both the threshold voltage fluctuations aRl the rms amplitudel for the 30 x 50 nm MOSFET from
lowering increase as gate dimensions are reduced. Moreotdd: 6 at the same simulation conditions used to generate the
the fluctuations are comparable in magnitude to those resu”ﬁ:@respondmngT dependence. The 3-D simulation results for
from random dopants in similar 30 nm devices [7]. olog(I,s¢) at low and highVp are compared with estimates

Typical distributions of threshold voltage, on- and off-curPased on the corresponding data ér; and (3). The agree-
rents in 30x 50 nm MOSFETs corresponding to LER withMent foro log(Zog) is very good, pointing out that, in properly
A = 20 nm andA = 2 nm, obtained from simulations at low Sc2l€d MOSFETssVz and log(q) are correlated according
drain voltageV, = 0.1 V, are illustrated in Fig. 7. As in the © (3) and the simulation of only one of them is sufficient.
case of random discrete dopants [7] the threshold voltage disfliS IS due to the fact that the subthreshold current, and the
bution in Fig. 7(a) is close to a normal distribution. The on-cuforresponding threshold voltage, are mainly determined by the
rent distribution [see Fig. 7(b)] is also close to normal. For tHd0S€ neighborhood around the shortest channel regions in the
off-current the distribution is normal only on a logarithmic scald€Vice, and dominated by the associated short channel effects.
[see Fig. 7(c) and (d)]. This follows from straightforward geo! "€ On-current is an integral quantity and the early turning on

metrical considerations bearing in mind that the subthreshdlfi the shortest region of the channel, which determines the
current is linear on a semi-logarithmic scale. In the case Bréshold voltage, is counterbalanced by the later turning on

well-scaled devices when the subthreshold si§pemains vir- of the longer channel regions, which smoothest the on-current

tually constant the relationship between the standard deviatfgtftuations.

of the threshold voltage V7 and the standard deviation of the Prévious work on the simulation of LER effects have been
logarithm of the off-current log(To¢) becomes focused mainly on the LER related degradation infhe/ I,
° ratio [10], [18], [20], [21]. Therefore, in Fig. 9 we plot the corre-

olog(log) = oVr/S. (3) sponding rms amplitude dependence of the ratio between the av-
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Fig. 10. Dependence ofl,, ando log(I.¢ ) on the correlation length in 30
x 50 nm MOSFETSs for a fixed rms amplitude = 2 nm.
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Fig. 11. Dependence ofI,,, ando log(l.¢) at fixed LER parameterd =
20 nm andA = 2 nm on the channel width fora MOSFET with¢e = 50 nm
calculated at/’p = 1.0 V.
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erage off current, ¢ and the off currenf,g ;qe.; 0f @ MOSFET
with straight gate edges. An exponential increase in the leakage
current is observed with the increaserdue to enhanced short
channel effects. The magnitude of this increase is in agreemegt 13. Dependence afl.., on the channel length for a set of MOSFETSs
with the experimental results for similar devices reported imth channel width 50 nm. The LER parameters used to define the gate edges
[22]. areA = 20 nm andA = 2 nm.

We have investigated the dependence &, ando log(/og)
on the correlation length for a fixed rms amplitude = 2 nm,
in 30 x 50 nm MOSFETSs which is illustrated in Fig. 10. After
aninitial increase in the fluctuations with the increasédhere
is a well-pronounced saturation in the above dependences when

40 60 80 100
Channel Length, L . [nm]

0.5,
&—eLER
=—a Random Dopants

4—a Random Dopants + LER

N
- B

:
E 0.3
the correlation length becomes comparable to the channel width. 2
For completeness in this section we have also studied the %_ 02
device geometry dependence «f,, and o log(lg) at fixed - ]
LER parameters\ = 20 nm andA = 2 nm. The channel %”90‘1
width dependence for a MOSFET with.s = 50 nm calcu- B
lated atVp = 1.0 Vs illustrated in Fig. 11 and closely follows o ' ' : '
al/y/W relationship. Data for the channel length dependence 20 40 60 80 100
can be found in the next section. Channel Length, L, . [nm]
B. LER With Random Discrete Dopants Fig. 14. Dependence of log(I.¢) on the channel length for a set of

MOSFETs with channel width 50 nm. The LER parameters used to define the
In this section we superimpose random discrete dopants @¥¢ edges aré = 20 nm andA = 2 nm.

top of the LER in order to understand the simultaneous effect

of these two sources of intrinsic parameter fluctuations. The; = Vr and drain voltagd/p, = 0.01 V. Figs. 13 and 14
potential distribution in a 3 200 nm MOSFET identical in presentsl,,,, and o log(l.x), respectively, for a set of MOS-
terms of LER with the device in Fig. 5 but also containingrETs with channel width 50 nm and channel lengths varying
random discrete dopants is illustrated in Fig. 12 at gate voltafyem 20 to 100 nm. Three sets of results representing: i) rough
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gate edges with continuous doping; ii) straight gate edges witstatistically independent manner when taken into account si-
random discrete dopants; and iii) rough gate edges with randamltaneously in the simulations. The LER induced current fluc-
discrete dopants are depicted on each of the two figures. Tthations have a much stronger channel length dependence and,
LER parameters used to define the gate edfjes,20 nm and as devices are scaled to shorter dimensions, are expected to take
A = 2 nm, are typical for the advanced lithography techniqueser as the dominant fluctuation source from the random dopant
today. It is clear that within the margins of the statistical erroanduced current fluctuations which dominate at longer channel
the two sources of intrinsic parameter fluctuations, LER adengths. The transitional channel length will depend on the ac-
random dopants, might be considered statistically independardl| device design and the parameters describing the LER asso-
particularly for channel lengths larger than 30 nm. The staniated with the lithography process used to fabricate the devices.

dard deviation in the simulations combining the two sources
oror closely follows the relatiomror = \/oigg + 0hp,
whereorgr andogp are the standard deviations when LER
and random dopants are considered independently in the simu-
lations. The current fluctuations induced by random dopants and1]
LER have markedly different channel length dependences. The
channel length dependence associated with random dopants g
weak, showing an increase in fluctuations down to 30 nm gate
lengths and then some reduction. This reduction is difficult to 3]
explain based on simple analytical assumptions but might be
related to screening of the channel potential by mobile charge
in the heavily doped source/drain regions. The channel lengtH?*!
dependence associated with LER is much stronger (closer tgs)
an exponential one) and explodes for channel lengths below 30
nm due to strong short channel effects in regions of reduced[el
channel length due to coincidental combinations of LER intru-
sions from both sides of the gate. As a result of the different
channel length dependences there is a crossover in the domi?]
nant current fluctuation source at approximately 20 nm channel
length. For channel lengths above 20 nm the dominant source
of fluctuations are the random dopants, but below this channel®!
length the LER takes over and becomes the dominant fluctuation
source. Due to the virtually statistical independence of the two
sources the combined simulations are of particular importancégl
only in the transitional region around 30 nm channel length. It
has to be pointed out that, although the channel length at whidho]
the transition will happen depends on the MOSFET design and
the LER parameters used in the simulations, the general treng
of LER overtaking random dopants as a source of fluctuations
at shorter channel length will remain, particularly if the scaling

of LER continues to be an unresolved problem. The question of
how oxide thickness variation might affect this picture and in[12]
what conditions it might become a dominant source of fluctua-
tions still remains open and is a subject of future research. 13

IV. CONCLUSION
[14]

LER is another source of intrinsic parameter fluctuations in
decananometer MOSFETS, introducing threshold voltage, on-
and off-current variations on a scale similar to those introduces]
by random discrete dopants. This is complemented with deterio-
ration in thel« / I,,, ratio due to enhanced short channel effects
inregions of the MOSFET channel shortened by LER. The scalgs]
of the problem depends on how successfully the future lithog-

: . . . 17]
raphy techniques and materials will manage to cope with thé
requirement for LER scaling.

We have studied for the first time the combined effect of LERI[18]
and random discrete dopants on the current fluctuations. We
have demonstrated that the two sources of fluctuations act in
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