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

Separation of Effects of Statistical Impurity Number
Fluctuations and Position Distribution onV th

Fluctuations in Scaled MOSFETs
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Abstract—We have investigated the effect of the statistical “posi-
tion” distribution of dopant atoms on threshold voltage ( ) fluc-
tuations in scaled MOSFETs. The effects of impurity “number”
fluctuations and impurity “position” distribution are successfully
separated in two-dimensional simulation for fully-depleted (FD)
SOI MOSFETs. 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 Terms—Charge sharing factor, depletion region, FD SOI
MOSFET, impurity, number fluctuation, position distribution,
scaling, threshold voltage.

I. INTRODUCTION

T HE THRESHOLD voltage ( ) fluctuations due to the
statistical impurity fluctuations in the channel is one of the

most serious problems in scaled MOSFET [1], because the
fluctuations increase as the device is scaled down. The statis-
tical fluctuations have been widely studied by experiments
[2]–[4] and simulations [5]–[12]. In these studies, the effects of
impurity “number” fluctuations are generally discussed. It has
been also pointed out that the fluctuations are caused not
only by the impurity “number” fluctuations but also by the im-
purity “position” distribution [2], [3], [6]–[8], [10]. In an ex-
tremely scaled MOSFET where the number of impurities is re-
duced, the slight change of the impurity “position” would cause
a large change in the device characteristics [7]. Therefore, it is
very important to quantitatively evaluate the effect of impurity
“position” distribution and clarify the origin of fluctuations
due to the “position” distribution. The variation of the fluc-
tuations with device scaling is also of great interest.

Some models of the fluctuations which include both the
“position” distribution and the “number” fluctuations have been
already studied [13]–[15]. However, these works have discussed
only “total” fluctuations and the effects of impurity number
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Fig. 1. Device structure of fully depleted SOI MOSFET assumed in this study.
V is 0.1 V to decrease the short channel effect except for theV dependence,
and the buried oxide thickness (t ) is 1�m to decrease the effect of impurity
in the substrate.

and position have not been separated. Although some simulation
works deal with the relation between the fluctuations and
the impurity position in the depth direction [10], [12], the lateral
impurity position distribution are not considered.

In this work, we have separated the impurity “number” fluc-
tuations and impurity “position” distribution, and investigated
their effects on the fluctuations by means of two-dimen-
sional (2-D) [16] and three-dimensional (3-D) device simula-
tions [17]. It is found, for the first time, that the effect of the
impurity position distribution on fluctuations depends on
the charge sharing factor (CSF) and the fluctuations due to
the impurity “position” distribution originate from the impurity
number fluctuations in gate-controlled depletion region.

II. SIMULATION MEHTOD

In this section, the simulation method and conditions are de-
scribed. In order to investigate the effects of channel impurity
number fluctuations and impurity position distribution, the two
effects should be separated. In conventional bulk MOSFETs, it
is very hard to separate these two effects, because the deple-
tion layer width ( ) is varied by changing the channel impurity
position distribution, and the impurity number in the depletion
layer can not be kept constant. In FD SOI MOSFET’s, on the
other hand, corresponds to the SOI thickness and the impu-
rity number can be kept constant. Therefore, the effects of im-
purity number and position fluctuations on fluctuations can
be separated and we can independently set the impurity number
and position fluctuations in the simulation [18]. Fig. 1 shows the
structure of an FD SOI MOSFET.

In order to introduce the statistical impurity fluctuations into
the simulation, the channel of a MOSFET is divided into small
cells [ , and in the direction of the length ( ), depth
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TABLE I
DEVICE PARAMETERS OF FULLY DEPLETED

SOI MOSFETUSED IN THE SIMULATION

and width ( ), respectively] and impurities are distributed to
these cells at random, so that the possibility that each impurity
atoms isdistributed is the same for all the dividedcells. Two cases
are simulated for FD SOI MOSFET. In the first case, both im-
purity number fluctuations and impurity position distribution are
considered. This case corresponds to the totalfluctuations
( ). In the second case, only the impurity position distri-
bution are considered and the impurity number is kept constant.
This case corresponds to the fluctuations due to the position
distribution ( ). In the first case, we choose the im-
purity number that follow Poisson distribution with an average
channel concentration of and the impurities are distributed
into cells at random [6]. In the second case, the channel impu-
rity number is kept constant and only the impurity positions are
chosen at random. A impurity number in each cell () is con-
verted into a concentration [ ]. In the case
of 2-D simulation, is equal to [9]. In order to investigate

dependence in 2-D simulation, is varied. Table I shows
the device parameters assumed in this study. The standard devi-
ation of of each structure is derived from 800 or 200
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-
fect (SCE), except for the simulation of the dependence.
is derived from a current criteria of .

III. SIMULATION RESULTS

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

First, the contribution ratio of the effect of impurity position
distribution to the total fluctuations should be defined. The
total fluctuations due to the statistical channel impurity fluc-
tuations are given by

(1)

where isstandarddeviationof inwhichonly the
impurity number fluctuations are included and the impurities are
uniformly distributed over each cell resulting in no position dis-
tribution. This is because the impurity number and position fluc-

Fig. 2. Dependence ofR (= (�V =�V ) ) on gate
length (L ). Device B is used.

Fig. 3. Dependence ofR (= (�V =�V ) ) on
channel concentration (N ). Device B, C, D, and E are used.

Fig. 4. Dependence ofR (= (�V =�V ) ) on
drain voltage (V ).

tuations are independent events. The contribution ratio
by position distributions to the total fluctuations is defined as

(2)

The validity of the 2-D simulation has been confirmed by
comparing the 2-D simulation results with the experimental data
and the 3-D simulation data [18]. We also examined the effects
of the way of dividing into small cells. We find that does
not depend on how to divide the channel into cells in simulation.
Therefore, cell sizes are defined as ,
and , and are equal to spacing. These results are in
agreement with the results by Stolket al.[9].The dependence of

on device parameters of FD SOI MOSFETs is investi-
gated by the 2-D simulation. The device parameters investigated
are gate length ( ), gate width ( ), SOI thickness ( ), gate
oxide thickness ( ), channel concentration ( ), and drain
voltage ( ).

Figs. 2–4 show the simulation results. does not de-
pend upon , and (not shown in the figure). In 2-D
simulation, the effect of impurity position distribution along the
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Fig. 5. Distribution ofV in two kinds of devices with the same impurity
number. The device parameters used are those of Device B in Table I. (a)
Impurities are distributed at random in the whole channel. The standard
deviation corresponds to�V . (b) Impurities are distributed in region
controlled by gate and impurities are uniformly doped near source and drain.
The difference in the averageV is obtained which is in agreement with [11].

channel width is not taken into account. In order to investigate
the dependence in more detail, we have also perform the
3-D simulation. The obtained and are
almost the same as those in 2-D simulation, anddependence
of has not been found in 3-D simulation. The current
percolation due to the 3-D effect will have more influence on
fluctuations in scaled devices and should be investigated further.

It is found fromFigs.2–4 that hasdependenceon,
and . increases as and decrease. It is also

found that depends on in a fixed device as shown
in Fig. 4. The absolute value of increases as increase.
Moreover, when is small, more dependence on is found.
This is in good agreement with the experiment [3]. It should be
noted that these dependences on device parameters are quite sim-
ilar to those of charge sharing. is larger when the device
has more short channel effects due to charge sharing. It appears
from these results that the effect of impurity position distribution
is determined by the charge sharing. As the impurity position dis-
tributes, the impurity number in the source and drain-controlled
depletion region fluctuates and therefore, fluctuates.

IV. I MPURITY POSITION DISTRIBUTION AND CHARGE SHARING

In order to investigate the relationship between the charge
sharing and statistical position distribution, two kinds of devices
are simulated as shown in Fig. 5. Here, the charge sharing factor
(CSF) is defined as

CSF
Impurity number in gate controlled depletion region

Total impurity number

Area of gate controlled depletion region
The whole channel area

(3)

Fig. 6. Schematic of depletion region controlled by source and drain.

In both devices, channel impurity number is set constant. In
the first device, all the impurities in channel are distributed
at random and therefore, CSF of individual devices would be
fluctuated by the statistical impurity position fluctuations. In
the second device, on the other hand, the regions near source
and drain are uniformly doped and impurities are distributed at
random at the rest of the channel. In this device, CSF would
not be fluctuated because there is no position distribution
near source and drain region. Fig. 5 shows thedistributes
largely in the first device, while only a slight distribution is
obtained in the second device. This result clearly indicates that
the fluctuations due to the impurity position distribution
originate from the CSF fluctuations in the channel depletion
region near source and drain of the individual devices.

A simple charge sharing model for FD SOI MOSFET is con-
sidered in order to evaluate the quantitative relationship between

and CSF in MOSFETs with various device parame-
ters. The charge sharing regions controlled by source and drain
are given approximately by rectangles as shown Fig. 6 (This
approximation in FD SOI MOSFET is confirmed by simulation
not shown here). Hence, CSF is given by

CSF (4)

where is depletion layer width by source and drain. The
averages of CSF, and should be considered because
800 samples are simulated in a fixed device parameter to ob-
tain and , respectively. In this equation,
the effect of drain voltage is ignored, because is fixed at 0.1
V in this study except for the simulation of dependence.

Fig. 7 shows the relation between and . All
the simulated devices in Table I are plotted. It should be noted
that most of devices are plotted on one line. On the other hand,
when the simulated data are plotted as a function of gate length
or average channel impurity number (not shown in the figure),
the plots largely distribute. Therefore, Fig. 7 strongly indicates
that is primarily determined by the charge sharing. It
is also clearly found from Fig. 7 that the effect of position dis-
tribution becomes dominant as CSF is degraded ( de-
creases) and the device has more short channel effects. This is
because, when CSF is degraded, impurity number in drain-con-
trolled depletion region is larger and consequently is fluctuated
more largely.
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Fig. 7. Relation betweenR (= (�V =�V ) ) and
L N . All simulated devices in Table I are plotted. In Device B–I, gate length
is varied. In type A–C of Table II, all parameters are scaled.

TABLE II
SCALING METHODS OFFD SOI MOSFETFOR THESIMULATION .

Fig. 8. Variation of the absolute value of�V with scaling in FD
SOI MOSFETs. The standard device parameters used are Device A at
L = 0:25 �m in Table I. This device is scaled by the scaling methods
summarized in Table II.

V. VARIATION OF WITH SCALING

Finally, the variation of with device scaling is ex-
amined. Table II shows three different scaling methods in FD
SOI MOSFETs. Fig. 8 shows the absolute value of
and . includes both the impurity number
and position fluctuations. includes only the impu-
rity position distribution. Both increase as the device is
scaled down.

Fig. 9 shows when the device size is scaled. Al-
though the absolute value of increases, is almost
constant as the device is scaled down. This is because the charge
sharing factor is almost constant when the device is properly
scaled . Therefore, it is concluded that the effect of impurity po-
sition distribution would not dominate the total fluctuations

Fig. 9. Variation of R (= (�V =�V ) ) with
device scaling.

as long as the device is properly scaled, although the increase
in the absolute value of total would be a serious problem
in the future. These results in FD SOI MOSFETs would be also
applicable to the bulk MOSFETs.

VI. CONCLUSIONS

The effects of the statistical channel impurity position distri-
bution on fluctuations are investigated. The effects of impu-
rity number fluctuations and impurity position distribution are
successfully separated in 2-D simulation for FD SOI MOSFETs.
It is found that the contribution ratio of impurity position distri-
bution to the total fluctuations is determined by charge sharing
in the depletion region and the effect of position distribution be-
comes dominant as the charge sharing factor is degraded. It is
also suggested that the contribution ratio of the position distri-
bution is almost kept constant when the device is properly scaled
down.
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