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Random Dopant Induced Threshold
\Voltage Lowering and Fluctuations in
Sub-0.1um MOSFET'’s: A 3-D
“Atomistic” Simulation Study

Asen Asenov

Abstract—A three-dimensional (3-D) “atomistic” simulation
study of random dopant induced threshold voltage lowering
and fluctuations in sub-0.1 um MOSFET's is presented. For
the first time a systematic analysis of random dopant effects
down to an individual dopant level was carried out in 3-D on
a scale sufficient to provide quantitative statistical predictions.
Efficient algorithms based on a single multigrid solution of
the Poisson equation followed by the solution of a simplified
current continuity equation are used in the simulations. The
effects of various MOSFET design parameters, including the
channel length and width, oxide thickness and channel doping,
on the threshold voltage lowering and fluctuations are studied
using typical samples of 200 atomistically different MOSFET's.
The atomistic results for the threshold voltage fluctuations were
compared with two analytical models based on dopant number
fluctuations. Although the analytical models predict the general
trends in the threshold voltage fluctuations, they fail to describe
guantitatively the magnitude of the fluctuations. The distribution
of the atomistically calculated threshold voltage and its correla-
tion with the number of dopants in the channel of the MOSFET'’s

was analyzed based on a sample of 2500 microscopically different

and their discrete microscopic arrangement in the channel of
sub-0.1xm MOSFET's will lead to significant variations in
the threshold voltage and drive current. The problem was
pointed out in the early seventies [5], [6] and first treated
analytically and numerically in [7]. The predicted threshold
voltage fluctuations were experimentally confirmed for a wide
range of fabricated and measured MOSFET’s [8]-[10] down
to sub-0.1um dimensions [11]-[14]. Such fluctuations may
seriously affect the functionality [15], performance, and yield
of the corresponding systems.

Several analytical models with different degrees of complex-
ity, describing the random dopant induced threshold voltage
fluctuations in MOSFET's, have been developed over the years
[71, [8], [10], [16], [17]. Two-dimensional (2-D) numerical
simulations have also been used to study, to some extent
artificially, the effects of random dopant fluctuations in devices
with a channel length down to 0/m [7], [18], [19]. Doping

fluctuations are determined not only by the fluctuation in the
dopant number, but also in the dopant position.

Index Terms—Fluctuations, MOSFET, numerical simulation,
3-D, threshold.

I. INTRODUCTION

in such 2-D simulations through the statistical fluctuation
of the random number of dopants in the volume associated
with the node, depending on the width of the device. A
similar approach has been adopted in the few published three-
dimensional (3-D) simulation studies [18], [20]. It is, however,
clear that the detailed study of effects associated with the
number fluctuations and the individual microscopic random

ATthe end of the silicon roadmap [1] in the year 2012, thgstribution of the dopant atoms in sub-Oun MOSFET's
feature size of integrated MOSFET's will be below SQequires 3-D simulations with fine grain discretization on a

nm. However, individual devices with channel length below,iistical scale. This is a computationally demanding task

50 nm have already been fabricated and characterized &y very few 3-D “atomistic” simulation studies of random

several research groups [2], [3]. Full scale complementgfgnant fluctuation effects in MOSFET's have been published
metal-oxide-semiconductor (CMOS) technology based on pfi| now. In [21] for the first time, full scale 3-D “atomistic”
nm transistors has also been reported [4]. The steady lowerlfigy qifusion simulations were presented for a limited set of
of the supply voltages, to reduce the power CONSUMPLQRce transistors with channel length 100, 70, and 50 nm using
and to hqld the rellab|l|ty,. \.N'” make the systems based %atistics based on 24 microscopically different samples at each
such devices more sensitive to fluctuations in the dewg?]e channel length. In [22], the principles of 3-D “atomistic”

characteristics. Even if the fluctuations associated with "thﬂ'drodynamic simulations were illustrated but no analysis of
graphic dimensions and layer thicknesses are well controllq,- ‘ctuation phenomena on a statistical scale was carried out.

random fluctuation of the relatively small number of dopants In this paper, we present a systematic 3-D “atomistic*
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details of our simulation approach. Section lll summarizes tlie the electric field associated with the applied drain voltage.
results for a wide range of sub-Oum devices with different This leads to the following elliptic equation for the potential
channel lengths, channel widths, doping concentrations, aviddriving the current

oxide thicknesses. It highlights also some of the problems
associated with the control of the threshold voltage and its

fluctuations in such devices. In Section IV, we discuss Where 4 is the electron mobility ands is the electron

more detail the origin of the threshold voltage ﬂuctuatiOn%’oncentration calculated from the solution of the Poisson
making an attempt to disentangle the contributions from ﬂé%uation. For properly scaled MOSFET's it is usually enough
dopant numbgr fluctuations and from their r_andom microscoql(g solve (1) in a solution domain extending from the Si/SiO
arrangement in the gate controlled depletion layer. interface down to less than 10 nm in the semiconductor. The
boundary conditions ar& = 0 at the source contadt; = Vp
at the drain contact, and zero normal derivativelofat all
) . . ] _other boundaries of the solution domain. In contrast to the
~ The computing power, typically available today, is stilstandard drift-diffusion equation [24], the discretization of (1)
insufficient for carrying out 3-D “atomistic” simulations onjeads to a symmetrical positive definite matrix which can be
a large statistical scale, even in a conventional drift-diffusiaghyeg using standard iterative techniques.
context. We focus our analysis only on the random dopantthe sharp variations in the potential resulting from the
induced threshold voltage lowering and fluctuations in MOSjiscrete nature of the charges on short length scales have an
FET's with sub-0.1um channel lengths. To substantiallyzgyerse effect on the convergence of most iterative solvers
reduce the computation time all simulations and the threshc[ch]_ We have developed a multigrid solver for the solution
voltage extraction are carried out at a low drain voltage. Thé$ the Poisson and current continuity equations. It is very
allowgd us to use a_single_3-D solution of the nonlinear Poissgficient, reducing both the long range residual components
equation at each bias point. At room temperature Boltzmaggsgciated with the boundary conditions and the short range
statistic is used for the electron and hole concentrations siqual components associated with the discrete dopants in
the charge density term of the Poisson equation. At loyhe W iteration cycle.
drain voltage, the current for each bias point is calculated byThe whole simulator is written in a memory saving manner.
solying a sim_plified current continui_ty equation, based on the the case of a uniform grid, due to the extremely simple
majority carrier concentration obtained from the solution afirycture of the coefficients for a seven-point finite difference
the Poisson’s equation. The threshold voltage is determineddi¥cretization star, and the simplicity of the multigrid solver,
using a current criteria of T0Weg/Lex A and an efficient e go no use memory to store any matrices. This allows us
search algorithm. to run a 50x 70 x 200 node problem, without paging, on

A typical solution domain for a MOSFET with an effectivep ocessing nodes with 32M RAM. Approximately three hours
channel lengthl.q = 50 nm and an effective channel widthare required on a PowerMouse 4 processor Parsytec system,
Wer = 50 nm is illustrated in Fig. 1. The “atomistic” regionyy accumulate statistics for the threshold voltage in a sample

with random dopants under the gate is outlined in the picturg. oo microscopically different MOSFET’s with a 50 50
A 3-D solution of the Poisson equation, based on a uniform fi- 70 nm grid.

nite difference grid in such “atomistic” simulations, represents
correctly the potential and the field associated with a single
dopant only for distances larger than three mesh spacings from
the node to which the dopant is assigned [23]. In order to
resolve the effects associated with random discrete dopaﬁts
down to an individual dopant level in sub-Quin devices, we  Our simulations are centered around MOSFET's with an
use a uniform grid with a mesh spacinhgtypically 1 nm in effective channel lengtil..z = 50 nm representing the level
the random dopant region. The average number of dopant®ofrthe technology expected near the end of the roadmap. The
this region is calculated by integrating the continuous dopirgifective channel length is defined as the distance between
distribution within it. The actual number of dopants in th¢he metallurgical pn junctions of the source and the drain
region is chosen from a Poisson distribution with a meat the Si/SiQ interface. The channel width in most of the
equal to the calculated average dopant number. Impuritgsmulations isW.g = 50 nm. For comparison with analytical
with a probability distribution corresponding to the continuousiodels, and an easier interpretation of the results, a uniform
doping distribution are placed randomly in the random dopaatceptor concentration is adopted in the random dopant region.
region using a rejection technique. They are assigned to tB&ndard 2-D simulations shows that a doping levelNaf =
nearest point of the grid, introducing a charge dengjty®>. 5 x 10'® cm=2 is required to efficiently suppress the short
The Poisson equation at a particular gate voltage is solvelthnnel effects around the 50 nm channel length barrier. The
for a zero voltage applied between the source and the draipical oxide thickness in the simulations i5, = 3 nm
Then, in the case of an n-channel MOSFET for example, thad the source/drain junction depth of all simulated devices
current density/,, associated with low applied drain voltages z; = 7 nm. However, bothL.z, Wer, N4, andt,, are
Vp is calculated by solving the continuity equati®n- .J,, = varied in the different simulation experiments in order to
0 with J,, = 0, E,, whereg,, is the local conductivity and’y.  investigate their effect on the threshold voltage lowering and

V- punnVV =0 (1)

Il. SIMULATION TECHNIQUE

I1l. SIMULATION RESULTS

Setting the Scene
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Fig. 1. Solution domain and potential distribution in the “atomistic” simulation of ax680 nm MOSFET.

fluctuations. A gate workfunction of 4 eV is used to emulatireshold voltage compared to continuous doping simulations.
an n-type polysilicon gate but no polysilicon depletion effectBhe lowering increases rapidly below a 50-nm effective chan-
are included in the simulations. nel length and reaches almost 0.1 V in a 30-nm MOSFET.
Based on previously published results [10], [14] we adoptéthis threshold voltage lowering will partially compensate the
the hypothesis that the threshold voltage fluctuations asseerease in the threshold voltage associated with quantum
ciated with random dopants follow a normal distribution. Ifnechanical effects [25] in short, heavily doped MOSFET's,
the standard deviation of the threshold voltage for the whah®t taken into account in our simulations. No analytical
population of microscopically different transistorssi¥’%, the models predicting the random dopant related threshold voltage
mean threshold voltagé7) and the standard deviatiarV lowering are available at present. From Fig. 2, it is clear that
estimated from a simulation sample with si2é will have the threshold voltage roll-off for doping concentratidip =5
standard deviations, = oVZ/VN ando, = oVZ/V2N x 10'® cm=3 starts at 50 nm, even at a low drain voltage. The
which determine the size of the error bars in our figureandom dopant related threshold voltage lowering contributes
Typically samples of 200 microscopically different MOSFET s0 this short channel effect.
are simulated for each combination of macroscopic deviceThe standard deviation in the threshold voltager ob-
parameters such ds.x, Wer, N4, and¢,,. For such samples tained from our “atomistic” simulations is compared in Fig. 3

the value ofo, is, for example, 5% ob V. to the simple analytical models proposed in [8] and [16]. The
expression forrVr in [8] can be presented in the following
B. Channel Length form:
The “atomistically” simulated average threshold voltage Gtow | NaWy
(Vr) for a set of MOSFET's with different channel lengths oVr = con V ALogWert @

is compared in Fig. 2 to the threshold voltagge, of devices

with continuous doping. In the same picture, as an insert, there ¢, is the permitivity of the gate oxide an®/; is
difference betweeVro and (V) is also shown. As pointed the width of the depletion layer under the gate. For uniform
out in [21] the “atomistic” simulations predict lowering in thedoping under the gate the analytical model in [16] introduces
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Fig. 2. Comparison of “atomistically” simulated average threshold voltaddd- 4- l?ifference between the atomistically calculated average threshold
(Vir) and the threshold voltagier, of devices with continuous doping for a voltage(Vr) and the continuous doping threshold voltage, as a function

set of MOSFET's with different channel lengti/.;; = 50 nm, N, = 5 x  Of the channel widthL.g = 50 nm, N4 = 5 x 10'* cm™?, andt,; = 3
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10'® cm™3, andt,, = 3 nm. Samples of 200 transistors.
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Fig. 3. Comparison of the standard deviation in the threshold voltdge Fig- 5. Comparison between atomistically calculated standard deviation
obtained from “atomistic” simulations and the analytical models proposed ¥’ @s @ function of the channel ngth aﬂg the analytical models in [8] and
[8] and [16] for a set of MOSFET's with different channel lengtl.q = 6. Lor = 50 nm, N4 = 5 x 10'® cm™?, andt,, = 3 nm. Samples

50 nm,N4 = 5 x 10'® cm=3, andt,.. = 3 nm. Samples of 200 transistors.of 200 transistors.

a correction factor of 2/3 to (2). The atomistically calculatedillustrates the difference between the atomistically calculated
standard deviation follows the WL.; dependence predictedaverage threshold voltagd’;) and Vi for transistors with
by the analytical models, but its magnitude is larger. Théifferent channel widths. Note that for the simulation of the
disagreement is possibly due to the fact that the analyticdOSFET with W,y = 0.4 um in this figure a 70x 50 x
models take into account only the fluctuations in the totao node grid was used, involving the solution of a system
charge controlled by the gate, resulting from the dopant nuisf 1 400 000 equations. We observe a steady increase in the
ber fluctuations in the depletion layer, but do not incorporatgndom dopant induced threshold voltage lowering with the
effects associated with the random microscopic arrangememi§rease of W, g.
of the individual dopants. The disagreement increases atrhe dependence of the atomistically calculated standard
shorter channel length but we do not observe a strong negdjiations V- as a function of the channel width is compared
for the short channel corrections proposed in [9]. in Fig. 5 with the analytical models from [8] and [16]. Simi-
_ larly to the channel length dependence, the analytical models

B. Channel Width describe qualitatively well the trends in the channel width

The conventional channel width effects are excluded frofependence, but fail to predict quantitatively the magnitudes
our simulations by using symmetry boundary conditions iof the threshold voltage fluctuations. An extrapolatior &t.,
the channel width direction. Thus, the threshold voltadgg based only on the atomistic results for a MOSFET withy =
calculated for device witli..; = 50 nm and continuous doping50 nm and assuming ¥W.x dependence is also plotted
distribution V4 = 5 x 10*® cm~2 is independent of the width in the same figure. The extrapolation slightly departs from
of the simulation domairWW.z and equal to 0.714 V. Fig. 4 the atomistic results for the widest simulated device, but in
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=, I 1 With Loy = Wey = 50 nm, andN 4 = 5 x 10'® cm—3. Samples of 200
g 0.044 I T transistors.
© §
O oV, atomistic )
0.02 _ Our results for a MOSFET withhey = Wegp = 50 nm,
—— OV analytical [8] toe = 3 nm and doping concentratio’, = 1 x 10'8
_______ oV . analytical [16] cm~2 are in a good agreement with the results published
IEr18 2E+18 3E+18 45418 SEr18 in [21] _for a S|m|l_ar dew_ce, bean_ng in mind the statlstlcal_
N, [em3] uncertainty associated with the size of the samples used in
D

both investigations. A detailed comparison is given in Table I.
Fig. 7. Comparison between the atomistically calculated doping concen-
tration dependence ofV; and the analytical models in [8] and [16]. D. Oxide Thickness

Lot = Wegg = 50 nm andt,,, = 3 nm. Samples of 200 transistors.
Taking into account the encouraging results reported in
[26], the investigation of the effect of the oxide thickness

general the agreement is good. This suggests that atomiSfic the threshold voltage fluctuations is extended down to
simulations of relatively narrow devices can be used to predfgfineling oxide thicknesses. The dependencie¢igf) and

the matching properties of transistors with a larif /Leg V1o as a function of the oxide Fhickness for MOSFET’S with
ratio. Leg = Weg = 50 nm, and doping concentratidls = 5 x

10'® cm2 are shown in Fig. 8. As expected the dependence
is linear but the slope ofVir) is smaller than the slope &fr
C. Doping Concentration giving rise to an almost linear increase in the random dopant

In Fig. 6 the doping concentration dependence&## and induced_threshold voltage_ Iowe_ring_with the increase in the
Vo are compared for transistors willy = Wey = 50 nm  OXide thickness (see the insert in Fig. 8).
andt,, = 3 nm. The insert in the same figure shows that the The atomistically calculated oxide thickness dependence
random dopant induced threshold voltage lowering increadds? V7 is compared with the prediction of the analytical
almost linearly with the increase in the doping concentratiof’®dels from [8] and [16] in Fig. 9. Both the atomistic and
In Fig. 7 the atomistically calculated doping concentratioff'€ @nalytical results show a linear increaser&f- with the
dependence of V- is compared with the analytical models inOXIde th|ckne_ss. However, the sl_ope of the atom|st_|c results is
[8] and [16]. At a low doping concentratiody, = 1 x 10'8 glmost 1.% higher than the prediction of the analytical model
cm~3, the discrepancy between the atomistic results and #he [16].
analytical model in [16] is less than 10% but increases rapidly
with the increase of the doping concentration. Obviously the IV. ANALYSIS
doping concentration dependenceddfy is stronger than the To test the hypothesis that the random dopant induced
N}f* dependence adopted in the examined analytical modétweshold voltage fluctuations follow a normal distribution we
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dence ofo V' with the%nalyt_i(éal models in [8] and [16L.¢ = Wer =50  Fig. 11. Threshold voltages in a sample of 2500 microscopically different
nm andN4 =5 x 10'® cm™’. Samples of 200 transistors. transistors as a function of the number of dopants in the depletion layer.
Ler = Woir = 50 nm,N4 = 5 x 10'® cm™? andt,. = 3 nm.
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Fig. 10. Threshold voltage frequency distribution and the corresponding Dopants in the depletion layer
normal distribution for a random sample of 2500 microscopically different o
transistors withLos = Wor = 50 nm, N4 = 5 x 10'® cm—3 andt,, = Fig. 12. Standard deviations of the threshold voltager extracted from
3 nm. different subsamples, with constant number of dopants in the depletion region
in each subsample.
TABLE 1l 1
FIRST FOUR MOMENTS OF THE V;» DISTRIBUTION FROM FIG. 10 — 00— Slices with thickness &
- ] -~ §lices with thickness 1 d fr interface
<V1> [V] 0.652 g 1ces with thickness Inm ¢ nm from mterface
~= 0754
oV, [mV] 59.2 =
3
Skew 0.161 8
Kurtosis 0.049 o 0.5+
g
. . . . . [ "g-f
use a sample of 2500 microscopically different transistors with £ 0259 -
Ly = Weg = 50 nm, N4y = 5 x 10'®* cm=3, andt,, = O o, B
3 nm. The threshold voltage frequency distribution and the oOeg |
corresponding no_rmal distribut?on are compared in I_:_ig. 10. 00 > 4 6 8 10 12 14 16
The goodness of fit for the data is excellent withprobability d [nm]

p(X > x?%) = 0.21. There is, however, a visual indication that_ _ N )

the threshold voltage distribution is slightly positively skewe}g;gérﬁ]‘t pggirtzg'nast'%rélzc\jvemegit/g;ﬁg&e‘f‘”d the number of dopants at

This is confirmed by the calculated Pearson second coefficient

of skewness which has a value of 0.13 for the above data. The

first four moments of the threshold voltage distribution frordnderstanding of the threshold voltage fluctuations in terms of

Fig. 10 are summarized in Table II. fluctuations of the number of dopants in the depletion region.
The analytical models, used for comparison with our atontdowever, in all comparisons the atomistic simulations predict

istic results in the previous section, are based on the commtagher level of fluctuations than the analytical models. In order
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to understand this discrepancy we investigated the correlati
between the threshold voltage and the number of dopants in
depletion layer for the above sample of 2500 MOSFET's. Tt
numbers of dopants used for this correlation are counted ir
layer with thickness corresponding to the maximum depleti
layer width of a continuously doped sample at threshold. F
a doping concentratiotWy = 5 x 10'® cm™3 the maximum
depletion layer width is 13.6 nm and the average numb
of dopants in the channel depletion layer of a 050 nm
transistor is 170. Fig. 11 displays the dependence between
threshold voltage and the number of dopants in the depleti
layer for all 2500 transistor in the sample. It is clear that eve
for transistors with equal numbers of dopants in the depleti(
layer there is still a strong variation in the threshold voltag
which has to be attributed to the microscopic arrangements
the dopants within the depletion layer.

The 2500 transistors of the whole sample are furthi
grouped in subsamples with a constant number of dopants
the depletion region for each subsample. Standard deviatic
of the threshold voltagerVy extracted from several such @
subsamples are shown in Fig. 12. The standard deviations in
these subsamples are lower but rather close to the stanc' -~
deviation of the whole sample. This means that the randc
arrangement of a constant number of dopants in the deplet
layer can be responsible for a significant portion of th
threshold voltage fluctuations.

However, the described correlation between the threshc
voltage and the number of dopants in the depletion layer
to some extent ambiguous because both the dopant num
and position fluctuations themselves introduce fluctuatiol
and nonuniformity in the channel depletion width. The soli
line in Fig. 13 represent the correlation coefficient betwee
the threshold voltage and the number of dopants in a lay
with thicknessd, measured from the Si/SiOinterface, as a
function of this thickness. The correlation coefficient increas:
until the layer thickness reaches 10 nm and then falls. T
maximum value of the correlation coefficient does not exce:
0.67 which confirms the conclusions that not only the numbe
but also the arrangement of the dopants in the depletion la
has a significant contribution to the threshold fluctuation
Clearly all of the dopants in the depletion layer contribute ®)
to the increase of the correlation coefficient withlt may be o . ) )

. . . Fig. 14. Potential distributions at the Si/Sinterface of two microscopi-
argued that the average depletion layer width is related to @a%y different MOSFET's both with 170 dopant atoms in the channel depletion
maximum of the correlation coefficient. This in turn leads teegion. (a) MOSFET with threshold voltage 0.78 V and (b) MOSFET with
the conclusion that the average depletion layer in the atomigfigeshold voltage 0.56 V.
devices is somewhat narrower than the 13.6 nm estimated from
a continuous doping distribution. The dashed line in Fig. 13
represent the dependence of the correlation coefficient betwebannel depletion region but the transistor from Fig. 14(a)
the threshold voltage and the number of dopants in a layer whhs a threshold voltage of 0.78 V, while the transistor from
thickness 1 nm, as a function of the distance of this layer frofig. 14(b) has a threshold voltage of 0.56 V. In the device from
the Si/SiQ interface. Clearly the dopant which are closer t&ig. 14(a), six to seven dopants in the middle of the channel,
the interface have a larger influence on the threshold voltaglenost equally spaced along the channel width, block the
fluctuations. current path and are responsible for the high threshold voltage.

How the individual distribution of dopants affects thdn the device in Fig. 14(b) there is a “lucky” channel on the
threshold voltage becomes clearer from Fig. 14(a) and (fight side with virtually no dopants at the surface and a low
where the potential distributions at the Si/Sithterface of local threshold voltage. The probability for distributions which
two microscopically different MOSFET'’s are compared. Theesult in direct channels like the one in Fig. 14(b) increases
two devices have the same number of 170 dopants in twéh the increase in the channel width resulting in the increase
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