1838 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 10, OCTOBER 2000

Separation of Effects of Statistical Impurity Number
Fluctuations and Position Distribution dfth
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Abstract—We have investigated the effect of the statistical “posi-
tion” distribution of dopant atoms on threshold voltage (V;4) fluc-
tuations in scaled MOSFETSs. The effects of impurity “number”
fluctuations and impurity “position” distribution are successfully
separated in two-dimensional simulation for fully-depleted (FD)
SOl MOSFETSs. It is found that the contribution by the position
distribution is closely related to the charge sharing factor (CSF)
and the effect of the impurity position distribution becomes dom-
inant as CSF is degraded. Consequently, the contribution ratio of
the impurity position distribution is kept almost constant when the
device is properly scaled.

Index Ter_ms—(_:harge sharing facto_r, deplettc_)n region, FD SOl Fig. 1. Device structure of fully depleted SOl MOSFET assumed in this study.
MO.SFET’ impurity, number fluctuation, position distribution, V4. is 0.1V to decrease the short channel effect except fovthelependence,
scaling, threshold voltage. and the buried oxide thickness{o x ) is 1m to decrease the effect of impurity

in the substrate.
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| INTRODUCTION and position have not been separated. Although some simulation

HE THRESHOLD voltage ¥3;,) fluctuations due to the works deal with the relation between tig, fluctuations and

statistical impurity fluctuations in the channel is one of théhe impurity position in the depth direction [10], [12], the lateral
most serious problems in scaled MOSFET [1], becaus&the impurity position distribution are not considered.
fluctuations increase as the device is scaled down. The statisi this work, we have separated the impurity “number” fluc-
tical V4, fluctuations have been widely studied by experimentaations and impurity “position” distribution, and investigated
[2]-{4] and simulations [5]-[12]. In these studies, the effects a@fieir effects on thd/,, fluctuations by means of two-dimen-
impurity “number” fluctuations are generally discussed. It hasional (2-D) [16] and three-dimensional (3-D) device simula-
been also pointed out that th¢,. fluctuations are caused nottions [17]. It is found, for the first time, that the effect of the
only by the impurity “number” fluctuations but also by the imimpurity position distribution or¥;; fluctuations depends on
purity “position” distribution [2], [3], [6]-[8], [10]. In an ex- the charge sharing factor (CSF) and g fluctuations due to
tremely scaled MOSFET where the number of impurities is régne impurity “position” distribution originate from the impurity

duced, the slight change of the impurity “position” would causgumber fluctuations in gate-controlled depletion region.
a large change in the device characteristics [7]. Therefore, it is

very_itnport_ant_ to quantitatively evalua_te_ the effect of ir_npurity II. SIMULATION MEHTOD

“position” distribution and clarify the origin o¥};, fluctuations . . . . .

due to the “position” distribution. The variation of tfé, fluc- In this section, the simulation method and conditions are de-
tuations with device scaling is also of great interest. scribed. In order to investigate the effects of channel impurity

Some models of th&};, fluctuations which include both the number fluctuations and impurity position distribution, the two
12

“position” distribution and the “number” fluctuations have beeffeCts should be separated. In conventional bulk MOSFETS, it

already studied [13]-[15]. However, these works have discusdgd’€"y hard to separate these two effects, because the deple-
only “total” V;, fluctuations and the effects of impurity numbefion layer width {q) is varied by changing the channel impurity
position distribution, and the impurity number in the depletion
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TABLE | 1.0
DEVICE PARAMETERS OF FULLY DEPLETED 0.97 tox=2nm
SOl MOSFETUSED IN THE SIMULATION gj tsom10NmM
So.6 N,=1X10"cm*
(o) _( 5 '80.51 O Vds=0.1V
Device | to; (nm) | tsor (nm) | Na(em™ 0.4 ~
oz (nM) o O—__
A 5 50 2x10"7 0.2 D\D\F_‘I
0.14
B 2 10 1x10'8 0.0 :
0.1 1
C 2 10 5x10'6 Lg(um)
D 2 10 1x10%7 Fig. 2. Dependence @ ,osizion(= (0Viu, position/ Vi, torar)?) ON gate
E 9 10 5% 1018 length ). Device B is used.
F 2 5 1x1018 1.0
0.9 -0O-Lg=5um
G 2 20 1x10% 0.8 -O-Lg=1pm
: 071 -A- Lg=0.5um
. H 5 10 1x10% Soef -O=1g=0.1pm
F0.5]
L 10 10 1x1018 o D\g\o o
0.37t,,=2nm \A
0.2 t::r—-'l Oonm \9*@
g-“ Vds=0.1V
and width (¥,), respectively] and impurities are distributed to 10 ,\]°'('cm ) 10°

these cells at random, so that the possibility that each impurity

atomsis distributed is the same for allthe divided cells. TWo casg§ 3. Dependence of,oesiion(= (0Vin.position/0Vin. torat)?) ON
are simulated for FD SOl MOSFET. In the first case, both inshannel concentration\, ). Device B, C, D, and E are used.

purity number fluctuations and impurity position distribution are

considered. This case corresponds to the tdgtalfluctuations (‘)g to=2nm E Lg=5m

(¢ Vin, totat)- Inthe second case, only the impurity position distri- 0.8] Lo 10nM e} Lg=0.5m O
bution are considered and the impurity number is kept constant. 507 N ‘X‘dscma Lo=0- 19

This case corresponds to thg, fluctuations due to the position B0 s

distribution @Vis, position)- I the first case, we choose the im- o 0.4] //O/
purity number that follow Poisson distribution with an average g‘;’ 2

channel concentration @¥ 4 and the impurities are distributed 04

into cells at random [6]. In the second case, the channel impu- o T os 10 15 20 25 a0
rity number is kept constant and only the impurity positions are Vds(V)

chosen at random. A impurity number in each cel)) (s con-
verted into a concentratiod, = n'/(Axz Ay Az)]. Inthe case
of 2-D simulation Az is equal toWW,, [9]. In order to investigate
W, dependence in 2-D simulationz is varied. Table | shows
the device parameters assumed in this study. The standard d
ation of V3, (V45 of each structure is derived from 800 or 20
samples in 2-D simulation and 100 samples in 3-D simulation.
The drain voltage¥;.) is 0.1 V to decrease the short channel ef- Rposition = <
fect (SCE), except for the simulation of thig, dependencéd’;,
is derived from a current criteria @0 ~"W, /L, (A). The validity of the 2-D simulation has been confirmed by
comparing the 2-D simulation results with the experimental data
[Il. SIMULATION RESULTS and the 3-D simulation data [18]. We also examined the effects
of the way of dividing into small cells. We find thatl;;, does
not depend on how to divide the channel into cells in simulation.
Therefore, cell sizes are defined Bg/40(Ax), tsor/10(Ay)
ndW,/10(Az), and are equal to spacing. These results are in
agreement with the results by Stalkal.[9]. The dependence of
Ryosition ON device parameters of FD SOl MOSFETS is investi-
gated by the 2-D simulation. The device parameters investigated
(oVin, mmz)Q = (avth’posmon)2 + (0 Vi, 'n,'u,'rn,be'r)Q (1) aregate lengthi{,), gate width {¥/,), SOI thicknesstor), gate
oxide thicknesst x ), channel concentration\), and drain
wheres Vin, number IS Standard deviation 6., inwhich only the  voltage §,).
impurity number fluctuations are included and the impurities are Figs. 2—4 show the simulation resuli8,,;;.» does not de-
uniformly distributed over each cell resulting in no position dispend upori¥,, tsor andtox (not shown in the figure). In 2-D
tribution. This is because the impurity number and position flusimulation, the effect of impurity position distribution along the

Fig. 4. Dependence oRpo.ition(= (Vi position/0Vin, totat)?) ON
drain voltage Va:).

té{ﬂnons are independent events. The contribution ¥&$iQ;sio.
6)y position distributions to the total fluctuations is defined as

2
O—‘/th, position )

O—‘/th, total

)

In this section, the contribution by the impurity position dis=
tribution are described.

First, the contribution ratio of the effect of impurity posmon
distribution to the total’;, fluctuations should be defined. The2"
total vy, fluctuations due to the statistical channel impurity fluc®
tuations are given by
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[impurities distributed at random
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Fig. 6. Schematic of depletion region controlled by source and drain.

‘8. 200 In both devices, channel impurity number is set constant. In
g 100 the first device, all the impurities in channel are distributed
O | oVth=0.16 (mV) at random and therefore, CSF of individual devices would be
0 fluctuated by the statistical impurity position fluctuations. In
0.1660 \3;&?7(0\/) 0.1680 the second device, on the other hand, the regions near source

and drain are uniformly doped and impurities are distributed at
_ o o _ , _ _random at the rest of the channel. In this device, CSF would
Fig. 5. Distribution ofV%,, in two kinds of devices with the same impurity be fl d b h . " distributi
number. The device parameters used are those of Device B in Table |. gt D€ fluctuated because there Is no position distribution
Impurities are distributed at random in the whole channel. The standan¢ar source and drain region. Fig. 5 shows he distributes
deviation corresponds n?vm position: (b) _Impurities are distributed in region |_arge|y in the first device, while only a 5“th distribution is
controlled by gate and impurities are uniformly doped near source and dra|rb ined in th d devi Thi It ol v indi h
The difference in the averadé,, is obtained which is in agreement with [11]. obtained In the second device. IS result clearly indicates that

the V;;, fluctuations due to the impurity position distribution

channel width is not taken into account. In order to investigaféiginate from the CSF fluctuations in the channel depletion
the W, dependence in more detail, we have also perform th@gion near source and_dram of the individual devices. _
3-D simulation. The obtainedVis, sorar aNdaVin, position ar€ A sm_ple charge sharing model for_FQ SOl M(_)SFE_T is con-
almost the same as those in 2-D simulation, Bddependence Sidered in order to evaluate the quantitative relationship between
of Ryosition has not been found in 3-D simulation. The currenfiposition @Nd CSF in MOSFETS with various device parame-
percolation due to the 3-D effect will have more influencéfpn ters. The charge sharing regions controlled by source and drain
fluctuations in scaled devices and should be investigated furthare given approximately by rectangles as shown Fig. 6 (This

Itis found from Figs. 2—4thak,,, i+, has dependence dry, ~approximation in FD SOI MOSFET is confirmed by simulation
N4 andV,. Rposition iNCreases ab, andN 4 decrease. Itis also not shown here). Hence, CSF is given by
found thatR,,,.;+.» depends oy, in a fixed device as shown _
in Fig. 4. The absolute value ofV/;, increases ak, increase. (1-CSP = Xg 1 @)
Moreover, wherL, is small, more dependence j; is found. L, L,V Ny
This is in good agreement with the experiment [3]. It should be
noted that these dependences on device parameters are quitewimye X, is depletion layer width by source and drain. The
ilar to those of charge sharing,,.s;+ . iS larger when the device averages of CSEX,; and V4 should be considered because
has more short channel effects due to charge sharing. It app&08 samples are simulated in a fixed device parameter to ob-
from these results that the effect of impurity position distributiotain o'Vis, totar @Ndo Vi, position, respectively. In this equation,
is determined by the charge sharing. As the impurity position dithe effect of drain voltage is ignored, becat&gis fixed at 0.1
tributes, the impurity number in the source and drain-controlladin this study except for the simulation &f;, dependence.
depletion region fluctuates and therefdrg, fluctuates. Fig. 7 shows the relation betweé .. ti., andL, \/NZA All

the simulated devices in Table | are plotted. It should be noted

IV. IMPURITY POSITION DISTRIBUTION AND CHARGE SHARING  that most of devices are plotted on one line. On the other hand,

In order to investigate the relationship between the charyéen the simulated data are plotted as a function of gate length
sharing and statistical position distribution, two kinds of devicé¥ average channel impurity number (not shown in the figure),
are simulated as shown in Fig. 5. Here, the charge sharing fadhs plots largely distribute. Therefore, Fig. 7 strongly indicates

(CSF) is defined as that R,0.:4:0n 1S primarily determined by the charge sharing. It
is also clearly found from Fig. 7 that the effect of position dis-
CSF _ _ _ _ tribution becomes dominant as CSF is degradeg(NV; de-
_ Impurity number in gate controlled depletion region  reases) and the device has more short channel effects. This is
Total impurity number because, when CSF is degraded, impurity number in drain-con-
Area of gate controlled depletion region trolled depletion region is larger and consequently is fluctuated

B The whole channel area ' () more largely.
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Fig. 9. Variation of Ryosition(=
device scaling.

(UVM, positz‘on/Uthu total)z) with

8s long as the device is properly scaled, although the increase
in the absolute value of totall;;, would be a serious problem
in the future. These results in FD SOl MOSFETs would be also

TABLE I applicable to the bulk MOSFETS.
SCALING METHODS OFFD SOl MOSFETFOR THE SIMULATION .
L | Wity |tsor| Na VI. CONCLUSIONS
X
T AlLl L] 1] 1 | g The effects of the statistical channel impurity position distri-
ype K| K| K| K . : : : :
T A bution onV, fluctuations are investigated. The effects of impu-
TypeB x| x| 1| % | K rity number fluctuations and impurity position distribution are
TypeCl% |+ | 5| % K3 successfully separated in 2-D simulation for FD SOl MOSFETS.
It is found that the contribution ratio of impurity position distri-
bution to the total fluctuations is determined by charge sharing
S 184 in the depletion region and the effect of position distribution be-
E 183 o O TypeA comes dominant as the charge sharing factor is degraded. It is
g 210 é o O TypeB also suggested that the contribution ratio of the position distri-
= 8] JANNNN ©) Type C bution is almost kept constant when the device is properly scaled
S 67 BA
B 4 Al down.
5] 0 O
S 12 ' '
£ ) o REFERENCES
c
L2 810 e o) [1] B. Hoeneisen and C. A. Mead, “Fundamental limitations in microelec-
'g 6] é (o) tronics—I: MOS technology,’Solid-State Electron.vol. 15, p. 819,
a 41 n 1972.
£ 2] A O [2] T. Mizuno, J. Okamura, and A. Toriumi, “Experimental study of
B 0 . F : T threshold voltage fluctuations using an 8k MOSFET's array3ymp.
0.03 0.1 0.25 1 25 VLSI Tech. Dig.1993, p. 41.

Lg{pm) g

Fig. 8. Variation of the absolute value ofV;, with scaling in FD 4]
SOl MOSFETs. The standard device parameters used are Device A a{
L, = 0.25 pm in Table I. This device is scaled by the scaling methods

summarized in Table II. 5

V. VARIATION OF Rposition WITH SCALING [6]

Finally, the variation ofR,,,i:i0n With device scaling is ex-
amined. Table Il shows three different scaling methods in FD[7]
SOl MOSFETSs. Fig. 8 shows the absolute valuerdf;, +o1a
ando Vin, position- 0 Vi, torar iNCludes both the impurity number
and position fluctuations:Vy,, position iNcludes only the impu- (8]
rity position distribution. BothsV;;, increase as the device is
scaled down. [9]

Fig. 9 showsR,,s;:+:0n When the device size is scaled. Al-
though the absolute value @V}, increasesR ,osition is almost 1)
constant as the device is scaled down. This is because the charge
sharing factor is almost constant when the device is properl%/ll]
scaled . Therefore, it is concluded that the effect of impurity po-
sition distribution would not dominate the tofdl, fluctuations

T. Mizuno, “Influence of statistical spatial-nonuniformity of dopant
atoms on threshold voltage in a system of many MOSFEJgsii. J.
Appl. Phys,vol. 35, p. 842, 1996.

K. Takeuchi, T. Tatsumi, and A. Furukawa, “Channel engineering for the
reduction of random-dopant-placement-induced threshold voltage fluc-
tuation,” in [IEDM Tech. Dig, 1997, p. 841.

K. Nishinohara, N. Shigyo, and T. Wada, “Effects of microscopic fluc-
tuations in dopant distributions on MOSFET threshold volta¢feFE
Trans. Electron Devicewol. 39, p. 634, 1992.

H. S. Wong and Y. Taur, “Three-dimensional ‘atomic’ simulation of dis-
crete random dopant distribution effects in sub0mM MOSFET's,” in
IEDM Tech. Dig, 1993, p. 705.

T. Shimatani, S. Pidin, H. Kurino, and M. Koyanagi, “Device charac-
teristic variation in 0.03:m MOSFET evaluated by three-dimensional
Monte Carlo simulation,” inProc. Silicon Nanoelectronics Workshop
1997, Workshop Abs., p. 16.

X. Tang, V. K. De, and J. D. Meindl, “Intrinsic MOSFET parameter
fluctuations due to random dopant placemetEEE Trans. VLSI Syst.
vol. 5, p. 369, 1997.

A. Stolk, F. P. Widdershoven, and D. B. M. Klaassen, “Modeling sta-
tistical dopant fluctuations in MOS transistor$£EE Trans. Electron
Devicesvol. 45, p. 1960, Sept. 1998.

A. Asenov, “Random dopant induced threshold voltage lowering and
fluctuations in Sub-0.1m MOSFET's: A 3-D ‘Atomistic’ simulation
study,” IEEE Trans. Electron Devicesol. 45, p. 2505, 1998.

D. J. Frank, Y. Taur, M. leong, and H. S. P. Wong, “Monte Carlo mod-
eling of threshold variation due to dopant fluctuation,”Sgmp. VLSI
Tech. Dig, 1999, p. 169.



1842 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 10, OCTOBER 2000

[12] D. Vasileska, W. J. Gross, and D. K. Ferry, “Modeling of deep-subm’ Makoto Takamiya (S'98—-M’'00) was born in Hyogo,
crometer MOSFETSs: random impurity effects, threshold voltage shif Japan, in 1973. He received the B.S., M.S., and Ph.D.
and gate capacitance attenuation,’Piroc. 1998 6th Int. Workshop on degrees in electronic engineering from the University
Computational Electronicsl998, pp. 259-262. — g of Tokyo, Japan, in 1995, 1997, and 2000, respec-

[13] R. W. Keys, “The effect of randomness in the distribution of impurity % | tively.
atoms on FET thresholds&ppl. Phys.vol. 8, p. 251, 1975. ] i He has been engaged in research on low power SOI

-
[14] C. Kuhn, S. Marksteiner, T. E. Kopley, and W. Weber, “New metho = CMOS devices. His research interests include scaling
for verification of analytical device models using transistor paramet‘v of MOSFETS into sub-0.1:m region and ultralow-

fluctuations,” inlIEDM Tech. Dig, 1997, p. 145. voltage MOSFETS.
[15] K. Takeuchi, “Channel size dependence of dopant-induced thresh Dr. Takamiya received the Young Researcher

voltage fluctuation,” inSymp. VLSI Tech. Digl998, p. 72. Award of 1999 International Conference on Solid
[16] Avant! Corp., “Medici Ver. 4.1,” July, 1998. State Devices and Materials. In 2000, he joined NEC Corporation, Sagamihara,
[17] Avant! Corp., “Davinci Ver. 4.1,” July, 1998. Japan.

[18] Y. Yasuda, M. Takamiya, and T. Hiramoto, “Effects of impurity position

distribution on threshold voltage fluctuations in scaled MOSFETS,” in

Abst. Silicon Nanoelectronics Workshd®99, Workshop Abst., p. 86.
Toshiro Hiramoto (M'93) received the B.S., M.S.,
and Ph.D. degrees in electronics from the University
of Tokyo, Japan, in 1984, 1986, and 1989, respec-
tively.

In 1989, he joined the Device Development

Yuri Yasuda was born in Saitama, Japan, in 1975.
She received the B.S. and M.S. degrees in electric:
and electronic engineering from Chuo University in
1998, and 2000, respectively.

\ Center, Hitachi Ltd., Ome, Japan, where he was
| — ./ engaged in device and circuit design of ultrafast
. . T BiCMOS SRAM. Since 1994, he has been as
_She has been engaged in research on devif ' Associate Professor with the Institute of Industrial
simulation of MOSFETS, especially the fluctuation @\ Science, University of Tokyo. He has also been
cau_sed by statisti'cal ‘”."P“’”y qu'ctua'tions, at th an Asso’ciate Professor with fhe VLSI Design and
Institute of Industrial Science, University of Tokyo. £, cation Center, University of Tokyo, since 1996. His research interests
In 2000, she joined NEC Corporation, Sagamlhar%clude low power device design, sub-100 nm CMOS devices, SOl MOSFETS,
Japan. silicon single electron devices, and quantum effects in scaled MOSFETSs.




