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Intrinsic Fluctuations in Sub 10-nm Double-Gate
MOSFETSs Introduced by Discreteness of
Charge and Matter

Andrew R. Brown, Asen Asenov, and Jeremy R. Watling

Abstract—We study, using numerical simulation, the intrinsic
parameter fluctuations in sub 10 nm gate length double gate
MOSFETSs introduced by discreteness of charge and atomicity
of matter. The employed “atomistic” drift-diffusion simulation
approach includes quantum corrections based on the density gra-
dient formalism. The quantum confinement and source-to-drain
tunnelling effects are carefully calibrated in respect of self-consis-
tent Poisson-Schrédinger and nonequilibrium Green’s function
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simulations. Various sources of intrinsic parameter fluctuations, Y '.'p'c"p’q' ¥
including random discrete dopants in the source/drain regions, o L
single dopant or charged defect state in the channel region and mw & Ten 'y
gate line edge roughness, are studied in detail. Wf:ﬁ R e ;
Index Terms—Charge carrier processes, lithography, MOS- %??Q &' a:

FETs, semiconductor device doping, semiconductor device

modeling, stochastic processes. Fig. 1. Impression of a 4-nm gate length double gate MOSFET illustrating the

various sources of intrinsic parameter fluctuations.

|. INTRODUCTION . . . . .
In this paper, we carefully examine, using three-dimensional

CCORDING to the 2001 edition of the International Tech¢3-D) "atomistic’ drift-diffusion simulations [7], intrinsic pa-

nology Roadmap for Semiconductors [1], MOSFETSs willameter fluctuations in sub-10-nm double-gate MOSFETSs in-
reach sub 10-nm physical channel length by 2016. This is s4pduced by the discreteness of charge and atomicity of matter.
ported by simulation studies, which indicate that the field effegthe quantum confinement effects in the thin silicon body of
control of the gate current can be maintained to channel lengthe double-gate MOSFETs and the source-to-drain direct tun-
below 5 nm where direct source-to-drain tunnelling may donfrelling are taken into account using the density gradient for-
inate, reducing the gate control particularly in the subthreshaighlism [8], which has been carefully calibrated in respect of
region [2], [3]. Properly scaled MOSFETSs with 15-nm channelgorous quantum simulations based on self-consistent Poisson-
length and conventional architecture have already been demgghrédinger [9] and nonequilibrium Green’s functions [2] sim-
strated by leading semiconductor manufacturers [4]. There \igations.
however, a broad agreement that the scaling of the field effectan impression of a 4-nm gate length double-gate MOSFET
transistor below the 15-nm barrier requires an intolerably thighich illustrates some of the atomic scale sources of intrinsic
gate oxide and unacceptably high channel doping, and theparameter fluctuations is presented in Fig. 1. We consider: 1)
fore advocates a departure from the conventional MOSFET caRe random discrete dopants in the source and drain regions
cepts [5]. One of the most promising new device structures, scalo]-[12]; 2) individual charges in the active region of the
able to dimensions below 10 nm, is the double-gate MOSFEjBvice associated with the background doping, fixed interface
studied extensively in the last couple of years [2], [3], [6]. Theharge and interface states [13]; and 3) the line—edge roughness
double-gate devices do not require channel doping to opergt€R) of the gate edge [14]-[16].
and therefore are considered to be inherently resistant to random
dopant induced parameter fluctuations, which might reach an II. SIMULATION APPROACH

unacceptable level in their conventional counterparts. . . . . .
The simulation experiments in this study were performed

using the Glasgow “atomistic” device simulator which is
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supported in part by IBM under a Shared University Research grant and in F@ft‘nulator includes the density gradient formalism, to account
by the Scottish Higher Education Funding Council (SHEFC) Research Devi

opment Grant VIDEOS. This paper was presented in part at the IEEE Silicﬁ?ﬁr guantum mechanical effects [17]' AIthOUgh the drift-diffu-

Nanoelectronics Workshop, Honolulu, HI, June 9-10, 2002. sion approach does not properly represent the nonequilibrium
The authors are with the Device Modeling Group, Department of Electronigg rrier dynamics in nanometer scale devices it is a useful

and Electrical Engineering, University of Glasgow, Glasgow G12 8LT, U.K. . . . . . .

(e-mail: A.Asenov@elec.gla.ac.uk). approximation when looking at relative fluctuations in the

Digital Object Identifier 10.1109/TNANO.2002.807392 device parameters introduced by the electrostatics of random

1536-125X/02$17.00 © 2002 IEEE



196 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 1, NO. 4, DECEMBER 2002

_ o e
. O, O, O O O O O
RN N S

—_
(=

g 10

<10

w210
] A —— 4 nm (NEGF) -
w'v = 20 nm (NEGF) B

——=e 4nm (Density Gradient)  _|
=——=a 20 nm (Density Gradient)

10— ' L | L | ' | S| L | L | R B
0 01 02 03 04 05 06 07 08 09 1
v, [V]

Fig. 2. Current-voltage characteristics for 20 and 4-nm channel length

double-gate  MOSFETs. Comparison between density gradient and o ) )
nonequilibrium Green’s function simulations. Fig. 3. Schematic illustration of the simulated double-gate MOSFETSs.

discrete dopants, LER, and interface roughness. At present, it TABLE |
remains the only practical technique for studying the statistical ~DIMENSIONS OF THEDOUBLE-GATE MOSFETS USED FORTHIS
distribution of parameters of interest such as threshold voltagd/ESTGATION: SCALING FROM A 10-NM CHANNEL LENGTHDOWN TO 4 NM

ON and oFF current by 3-D simulation of large ensembles of ' Silicon body .,
devices with different discrete dopant distributions or gate <" 'ene tnml | Channel width [am] | piopnes [y | OFide thickness [m]
shapes. 10 10 40 10

It is well known that the density gradient approach requires s 8 37 08
calibration against more rigorous quantum mechanical simu P p s 06
lations [8], [17]. In the simulations of sub 10-nm double-gate " " " ”

MOSFETSs presented here, the calibration was carried out ind
pendently in respect of the confinement effects in the inversion

layer and in respect of the source-to-drain tunnelling using thHee peak in concentration occurs in the middle of the channel,
components of the effective mass which are normal,, and compared to the classical distribution, which peaks at both oxide
parallel,m, to the Si/SiQ interface in a modified density gra- interfaces. It is therefore important to correctly account for ver-

dient equation tical quantum confinement in the double-gate MOSFETS.
) ) ) ) Recently, we have demonstrated that the density-gradient ap-
2h {L (8 vn 0 \/ﬁ) + La \/EJ proach can, at least qualitatively, reproduce the impact of the
12¢y/n [my \ 0z? dy? my 0z? direct source-to-drain tunnelling on the subthreshold character-

kT n istics of double-gate MOSFETSs [18], and the tunnelling compo-

=t q In <n_L> () nent of the current is sensitive to the lateral effective mags
) L . . For the simulation presented in this work we have calibrated
wherez is the direction normal to the interfacg is the electro- m,|[19] with respect to rigorous quantum simulations based on
static potentialg,, is the quasi-fermi potentiak is the electron e nonequilibrium Green’s functions formalism performed at
concentration and; is the intrinsic electron concentration.  N\aASA Ames Research Center [20]. Current-voltage character-
The right-hand side of (1) represents Boltzmann statisti§ics, showing the agreement between the calibrated drift-diffu-
which, in this case, are used for modeling the heavily dopgghn, simulations with density gradient quantum corrections and

source and drain regions of the device. This certainly overes{isnequilibrium Green’s function results are shown in Fig. 2.
mates the screening in our simulations and will therefore result

in lower figures for the fI_uc_tuation_s of the device parameters. ll. RESULTS AND DISCUSSION
There are other uncertainties which have also to be resolved
conceptually in the atomistic simulation of heavily doped re- We investigate a family of well-scaled double-gate MOS-
gions, including bandgap narrowing, which also remain outsifi& I'S, schematically illustrated in Fig. 3. The channel lengths
the scope of this paper. Due to the sheer computational intené@ge from 10 nm down to 4 nm with the scaled dimensions
of this Work' we have restrained ourselves to Boltzmann Statmyen in Table I. A fine discretization mesh is required to resolve
tics, which are computationally more efficient and give a lowdpe fluctuations in potential resulting from discrete dopants and
estimate to the fluctuations which might be expected in the5ER. A maximum grid spacing of 0.5 nm is used in the active
devices. region of the simulated devices.

The vertical effective mass:; has been adjusted to repro- ) ) .
duce the threshold voltage shift and the inversion layer charge Random Discrete Dopants in the Source/Drain
distribution obtained using one-dimensional full-band Poisson-While there may be no dopants within the channel region
Schrédinger simulations [9]. Due to the quantum confinemeat the double-gate MOSFETs there are unavoidable random
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Fig. 4. Impact of the discrete dopants in the source and drain region oka 00k 4-nm double-gate MOSFET on the potential distribution. The location of the
random dopants are also shown.
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discrete dopants in the source/drain regions. The individual .
dopants are introduced in the simulation using a rejection
technique described in [7]. Fig. 4 illustrates their impact on % 06
the potential distribution in the 10-nm device. In conventional g
MOSFETSs, where fluctuations due to the discrete nature of g (4
the channel doping dominate, the additional effect of the E
atomistic doping in the source and drain is usually small [10]. K

T 02

The placement of random discrete dopants in the source/drain
regions results in fluctuations in the effective channel length
along the width of the device on a scale comparable to the oo
average distance between the dopants. At typical source/drain 4 5 6 7 8 9 10

. . . - Channel length, L . [nm]
doping concentrations in the range of’d@m 3 the average ot
distance between the dopants is about 2 nm. When dew%ﬁﬁ 7. Standard deviation in off-currentLog,,(I.¢) expressed in orders
are scaled below 10 nm, these variations constitute a lam@énagnitude, due to random discrete dopants in the source and drain of
proportion of the channel length and become accountable f§Hble-gate MOSFETs with different channel lengths.
significant variations in the device parameters.

The dependence of the standard deviation in threshottean in a normal distribution oV this gives a range of
voltage, oV, on-current,ol,,, and off-current,ocl,¢, as a approximately+0.2 V around the nominal threshold voltage
function of the channel length are shown in Figs. 5-7 respeaf-Vr ~ 0.2 V. This means that a significant fraction of the
tively, for the double-gate MOSFETs described in Table tevices on a chip with a billion transistors will not tuprr.

In each case, the magnitude of the fluctuations increasesThe dependence of V' on channel length and width is
dramatically as the channel length reduces from 10 nm to 4 nstronger than the classica)/W x L relationship expected
For the 4-nm device the standard deviation in threshold voltafge threshold voltage fluctuations induced by random dopants
is approximately 0.07 V. Assuming£3c spread around the in the channel region. This could be attributed to short-channel
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Fig. 9. Magnitude of the reduction in current associated with a negative
Fig. 8. Percentage change in current when an negative discrete chargdissrete charge (e.g., an acceptor) present in the middle of the channel as a
present at a particular location within the channel inxa4x 3-nm device. function of the current itself.
The maximum reduction in current is 84%.

The relative reduction in the current as a function of the cur-
effects in our devices. For example, it has been shown in [2Hnt itself is plotted in Fig. 9, for the 'worst possible case’ sce-
that short-channel effects are responsible for an increase in #2gio where the additional charge is in the centre of the channel.
fluctuations in conventional MOSFETS. It is clear that the largest effect is in the subthreshold regime

In the subthreshold region where the drain currépt, de- where the density of mobile charge in the channel is low. Above
pends exponentially on the applied gate voltdge, such large threshold, at higher drain currents in Fig. 9, the electrons in the
variations in threshold voltage will lead to massive fluctuationshannel screen the potential of the additional fixed charge, re-

in Iog. This exponential dependence also means that While ducing its impact on the current flow, but not eliminating it com-
follows a normal distribution/,s does not and one has to perpletely.

form statistical analysis oibg(7.g). For this reason, Fig. 6
shows the standard deviationlof,(/.s) expressed in terms - | ER

of orders of magnitude. Again, consideringt8s spread this . ,
means thaf,g varies over a four orders of magnitude range in LER inherent to the lithography process and the subsequent
the 4-nm device. pattern transfer is not a new phenomenon. Yet, the imperfec-

tions caused by LER effects have caused little worry for produc-
tion lines over the years since the critical dimensions of devices
were more than an order of magnitude larger than the rough-
Even in undoped channel devices the unavoidable baciless. However, it becomes increasingly difficult to reduce LER
ground doping introduces a finite possibility of at least oneelow the few nanometers limit determined by the molecular
ionised dopant (acceptor or donor) being present at a randstructure of commonly used resists. Due to the continuing ag-
location within the channel. Also, if an electron/hole becomegessive scaling to the sub 100-nm regime it becomes an increas-
trapped in a defect state at the interface or in the silicon bothgly significant fraction of the gate length. At the dimensions
it will introduce a fixed charge in the channel region [22]being considered here for double-gate MOSFETSs LER is of the
These potential sources of localized single charge will hagame order of magnitude as the channel length, introducing sig-
an electrostatic effect on the channel potential introducingificant intrinsic parameter fluctuations.
for example, in the case of acceptor or trapped electron inSince the formation of LER is a stochastic event, a proper
n-channel double-gate MOSFET, a localized barrier to curretiéscription and analysis of this phenomenon requires a statis-
flow, and a corresponding shift in the threshold voltage [13]. tical approach. Realistic “rough” lines produced by a lithog-
The change in the drain current at threshold as a functionrajphy process can be statistically described by their rms ampli-
the position of a single negative charge in the device (either dade, A, and correlation length), which indicate the vertical
ceptor or trapped electron) is mapped for the 4-nm double-gated lateral extent of the roughness respectively. In the following
MOSFET in Fig. 8. The mapping is done for a vertical crossimulations, we assume a Gaussian autocorrelation function for
section running through the middle of the channel from sourtige random line edge as the very high frequency components
to drain. Due to the quantum distribution, resulting in the mahat are characteristic of an exponential autocorrelation func-
jority of current flowing in the plane through the middle of thdion would be smoothed by diffusion and annealing. The power
device, a charge trapped in the centre of the channel produspectrum of this function, obtained by Fourier transform, is used
the largest effect. For the range of MOSFETSs investigated heoegenerate the amplitudes in a complex array. The phases are
the maximum reduction in the current increases from 69% aihosen randomly, which produces the random nature of the gen-
the 10-nm device to 84% in the 4-nm one, where the additioredated line obtained by inverse Fourier transform of the com-
charge has more influence on the channel of the device due fglex array [16]. We also assume that the LER of the gate re-
thinner Silicon body. sults in the p-n junctions in the MOSFET exhibiting the same

B. Single Charges in the Channel Region
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Fig. 10. Potential distribution in a double-gate MOSFET illustrating the effect

of LER on the source and drain junctions. LER is defined statistically by its rms L. . .
amplitude,A, and correlation lengthy. Fig. 12. Standard deviation in on-current/,,, due to LER with rms

amplitudeA for double-gate MOSFETSs with different channel lengths.
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Fig. 11. Standard deviation in threshold voltag&r, due to LER with rms  Fig. 13. Standard deviation in off-currentlog ,(Zorr) expressed in orders
amplitudeA for double-gate MOSFETS with different channel lengths. of magnitude, due to LER with rms amplitude for double-gate MOSFETs
with different channel lengths.

rms amplitude and correlation length. The random lines used
to describe the source and drain junctions are assumed to be V.- CONCLUSION
uncorrelated. The typical potential distribution in a double-gate Double-gate MOSFETSs are proving to be a promising archi-
MOSFET with LER is illustrated in Fig. 10. tecture for the scaling of devices to sub-15-nm dimensions. The
The analysis of published LER data from advanced lithogmdoped nature of the channel means that they are less sus-
raphy processes in various labs [16] found that the current valueptible to intrinsic parameter fluctuations due to the random
of LER (which is defined as being/3) is 5to 6 nm (i.e.A =~ number and location of dopants in the channel region, which is
2 nm) and, rather worryingly, is not reducing for shorter channah increasing problem accompanying the scaling of the conven-
length technologies. The requirements from the Internatiortadnal MOSFET.
Technology Roadmap for Semiconductors for the devices in-However, we have shown that double-gate MOSEFTSs are sus-
vestigated here is for an LER of less than 1 nm. ceptible to other sources of intrinsic parameter fluctuations. The
The dependence of the standard deviation in threshatfect of random dopants within the source and drain, while not
voltage,o Vi, the on,o1,,, and the off currentg I, on the a significant contributor to fluctuations in current conventional
rms amplitude,A is illustrated in Figs. 11-13 respectivelyMOSFETS, will become one of the dominating sources of fluc-
for the set of double-gate MOSFETs with different channélations when the double-gate devices are scaled below 10 nm.
length. For the data presented in all three figures the correlatiorRandom telegraph noise due to the trapping and de-trapping
length isA = 5 nm. ol.g is again shown in terms of ordersof electrons in lattice defects may result in large current fluc-
of magnitude. As one would expect, the fluctuations increasigations, which will be different for each device within an inte-
as A increases. It is clear that LER must be reduced from iggated circuit. The presence of even a single dopant within the
current level if sub 10-nm devices are to be of practical usdicon body will produce significant variations from device to
near the end of the Roadmap. Even if roadmap requiremedevice.
are met (i.e.A =~ 0.3 nm) the fluctuations are still of a signif- LER inherent to current fabrication processes will be re-
icant magnitude, with/; covering a range of approximatelyflected in roughness of the p-n junctions of the device. As such,
+0.15 V for the 4-nm device. each device will have a randomly varying channel length. If
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the present apparent limit of LER of approximately 5 nm is[18]
not reduced drastically then this will cause serious problems
for devices with 10-nm channel lengths. Even if roadmap,g
requirements are achieved LER will probably be the major
contributor to parameter fluctuations in sub-10-nm double-gate
MOSFETSs.
[20]
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