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Abstract—A particle-particle-particle-mesh (P3M) algorithm In the traditional ensemble Monte Carlo (EMC) method, both
is integrated with the ensemble Monte Carlo (EMC) method for  impurities and carriers are treated as a continuum. The locations
the treatment of carrier-impurity (c-i) and carrier-carrier (c-c) ¢ impurities are represented in terms of smooth impurity pro-

effects in semiconductor device simulation. lonized impurities and files on a mesh. while the location of carriers are treated pre
charge carriers are treated granularly as opposed to the normal ' » Whi ' ' P

continuum methods and c-i and c-c interactions are calculated in Cisely, but are smoothly assigned to the mesh using a charge
three dimensions. The combined PM-EMC method follows the association technique. Coulomb interactions are separated into
approach of Hockney, but is modified to treat nonuniform recti-  two types: long-range “mesh” interactions included by solving

linear meshes with arbitrary boundary conditions. Bulk mobility the Poisson equation and short-range “scattering” interactions

results are obtained for a three-dimensional (3-D) resistor and are . luded with - del and tteri i
compared with previously reported experimental and numerical 'Nc!U0€d With a Screening model and scattering rates.

results. Scattering rates allow for approximate treatment of c-i and
Index Terms—Charge carrier processes, molecular dynamics, €-C interactions within two-dimensional (2-D) Monte Carlo
Monte Carlo methods, particle collisions, particle scattering. simulations, but have several disadvantages when used in

this context. First, c-i scattering rates are normally based on
a two-body model which ignores multi-ion contributions to
the scattering potential [5]. Second, c-c scattering rates must
HE CONTINUED scaling of CMOS integrated circuits isbe updated during the simulation to account for the local
expected to lead to nano-scale devices. For instance, d@pendence of the distribution function and screening length
SIA road map calls for CMOS transistors with channel lengti§]. Finally, both c-i and c-c scattering rates treat interactions as
of 50 nm by the year 2012 [1]. For traditional device designs af@calized instantaneous events rather than interactions extended
scaling techniques, this will result in transistors having on thie space and time [7].
order of a hundred impurities in the channel [2]. Impurities at An alternative to using scattering rates for c-i and c-c
such low numbers would not be well treated in semiconductteractions is to calculate the short-range forces directly and
device simulation using today’s approaches based on smoog@mbine them with the long-range forces found with the mesh.
impurity profiles. Instead, impurity atoms, and charge carriefidie general combination of direct forces and mesh forces has
will need to be integrated into device simulation individuallypeen studied for ionic and cosmological systems and a number
and methods will need to accurately account for their interagf techniques have been developed. One set of early approaches
tion on an individual basis. In today’s devices, high doping cogalled particle-particle-particle-mesh 3{@®) algorithms were
centrations in the contact regions already call for careful tregteveloped by Hockney [8].
ment of carrier-impurity (c-i) and carrier-carrier (c-c) interac- In this paper, we treat granular effects in semiconductor de-
tions [3]. For example, granular impurity effects result in lowvices by integrating a¥M algorithm with the EMC method. The
ering n-MOSFET threshold voltages [2], and Monte Carlo singombined BM-EMC method treats impurities discretely and lo-
ulations including c-c scattering rates predict an increase in tb@tes them precisely in the simulation domain. In place of c-i and
number of hot carriers near MOSFET drains at low temperatuge scattering rates, the actual interparticle forces are calculated
[4]. For all of these reasons, improved methods to treat granurd approximate screening behavior of the interacting particles
effects including the location of impurities and the nature of ci$ implicitly accounted for by the net force evaluation. For the
and c-c interactions have become important. case of c-c interactions, the method requires a realistic carrier
ensemble size within its domain of use, but can address the true
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This paper is organized as follows3\® algorithms are de-
scribed in Section Il including a detailed description of the con
ponents of the Coulomb force, a discussion of the so-called
erence force which is responsible for smoothing between t
short- and long-range domains, and details concerning how "
P3M algorithms may be modified to treat nonuniform recti Ry = F}
linear meshes with arbitrary boundary conditions. The modifie
P3M scheme is verified with Coulomb’s law using uniform anc
nonuniform meshes in Section IlIl. In Section IV, the combine
PSM-EMC method and details concerning its implementatio
are presented. Also in this section, spatial and temporal limit
tions are evaluated for the accurate simulation of plasma ost
lations and simulation results for bulk mobility are obtained fc
comparison with previously reported experimental and nume Ry = Fgv
ical results.

Il. P3M ALGORITHMS

Particle—particle-particle-mesh 3R) algorithms [8] are a

class of hybrid algorithms designed to treat correlated systems

with long-range forces and allow for a large ensemble sizgg. 1. Diagram of the component forces in thPalgorithm of particle;

The essence of 1 algorithms is to express the interparticleon particle: for j inside and outside the short-range domain wheteis the
: | force,F 7 is the short-range forcd;! is the mesh force, ang; is the

forc? as the_ sum of a short-rgnge part calculated by a d”’ég# rence forédﬁlf” is the short-range dorjnain of radius. ands2 is thé global

particle-particle force summation and a long-range part agroblem domain which includes.

proximated by the particle-mesh force calculation.

whereFijo’“’ is given by (2) and;; is called the reference force
[8].

Using the notation of Hockney [8], the total force on a particle
1 may be written as

A. P3M Force Components

B. Reference Force
-Fi _ Z F%O'ul _i_Fviea:t. (1)
i The reference forcel;; in (4), is needed to avoid double
counting of the short-range force due to the overlapping do-
Fget represents the external field or boundary effects of thgains in (3). In Fig. 1, the reference force can be seen to be
global Poisson solutiorf7*! is the force of particlg on par- equal to the mesh force inside the short-range domain and equal

ticle ¢ given by Coulomb’s law as to the Coulomb force outside the short-range domain.
- In order to incorporate the effects of material boundaries and
F%O'ul _ 4 L“l (2) boundary conditions, the reference force would be found most
dme |ri =1} precisely in the short-range domain by associating particle

with the particle-mesh and calculating the resulting force on

whereg; andg; are particle charges and andr; are particle particle: with F£** = 0. Since such a procedure would be re-

positions. quired for each particle, it is obviously too costly for reason-
In a PBM algorithm, the total force on particleis split into . ’
able ensemble sizes and defeats the purpose of3iteaRyjo-

two sums : o : e .
rithm. Instead, it is desirable to use an approximation for this

. force which minimizes the effects of the transition error in going

= 7 ™

B = Z B+ Z iy () from the long-range domain to the short-range domain. One ap-

T;gé;;r ,fj‘éé proach developed in [3] is to choose a particular orientation of

approaching particles relative to the mesh and find a radial ap-
The first sum represents the direct forces of partigles par- proximation to the reference force. This method is straightfor-
ticle ¢ within the short-range domaiff2;"), while the second ward and computationally efficient per particle for a fixed uni-
sum represents the mesh forces of partigles particlei over form mesh, but it is not easily adaptable to nonuniform meshes
the global problem domai(¥?) as well as the effect of mate-where the mesh force is not isotropic (see force diagram results
rial boundaries and boundary conditions on particlé};" is in Section Il).
the short-range particle force of particleon particlei, and For the case of nonuniform rectilinear meshes which are often
F7? is the long-range mesh force of partiglen particlei. The employed in EMC device simulation, we introduce a modifica-
short-range Coulomb force can be further defined as tion of the original approach to the transition error posed in [8].

In this approach, smoothing of the total interparticle force be-

F = F;}"'”'l — Ry (4) tween the long- and short-range domains can be thought of as



412 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 2, FEBRUARY 2000

ascribing a finite size to particleé In particular, Hockney in-
dicates that a sphere with uniformly decreasing density profile,
S(r), is a good choice for smoothing in three dimensions.

48
S(r) = F;;T(MT/Z—U r < repn/2 )

0 7> Tepn/2.

A comparison of the density profile above to that of a uniformily
charged sphere and that of a sphere with a Gaussian distributic
shows that the expression in (5) produces marginally better ac
curacy in 3-D schemes for a given cutoff radiys. The refer-
ence force can be obtained using the definition

R(r)=R(x) -7
_ 7 / p
= e dx / dx
iz —x
. S(.I‘N)S(.I‘/ — x”)ﬁ. (6)

When applied to the density profile in (5), one gets (7), shown

at the bottom of the page, where Fig. 2. Diagram of the choice far,.. as the minimum distance which spans a
fixed number of mesh cells (we choose 2) in each direction of every dimension
2 of the mesh.
£= - (8)
751’

seamlessly if adaptive meshes were used for the global PM cal-
Hockney advocates precalculating the short-range foramylation. It should be noted that uncontrolled cost of the par-
77 (r), in (4) including the reference force above for a fixedicle-particle calculation in the 3 algorithm is a problem in
uniform mesh and interpolating it at the interaction radius, general and this issue may warrant investigation using alternate

methods such as the nested-grid particle mesh (NGPM) method
C. Extension of BM Algorithms to Nonuniform Meshes [10], the “mesh-refined” BM algorithm [11] and otheV-body
methods such as tree codes which can better treat high carrier

It is important to extend the3¥ algorithm to nonuniform _ ! . i
8Hmpurlty densities and low mesh resolution.

meshes for the purpose of semiconductor device simulati
since practical device applications involve rapidly varying
doping profiles and narrow conducting channels which need to
be adequately resolved. Since the mesh force from the solution
to the Poisson equation is a good approximation within aboutThe modification of the BM algorithm introduced in Sec-
two mesh spaces, we modify théNP algorithm by locally tion Il may be verified and the smoothing of the total inter-
choosingr,, as the shortest distance which spans two meghrticle force may be investigated by calculating the force for
cells in each direction of every dimension of the mesh aiteracting charges and comparing with Coulomb’s law [8]. A
chargei (see Fig. 2). Using (7), the-dependent portion of the pair of chargesy; = g; = ¢, are placed in a uniform cube of
reference force in (6) can be interpolated as a functiofiiof silicon (¢,, = 11.8) with side length 1000 nm. The position of
the ranged < ¢ < 2 and used withr,,. to find the reference chargei is fixed near the center of the cube, while chajge
force. moved from 0 to 100 nm from charge Note that the separa-
This modification avoids unnecessary particle-particle fordemn of the charges is modest with respect to the extent of the
calculations where the particle-mesh (PM) force estimates anesh and that charge-neutral boundary conditions are used at
adequate for nonuniform rectilinear meshes and would woall edge planes. The magnitude of the mesh fofEg,| /g, is

I1l. VERIFYING THE P3M |MPLEMENTATION
WITH COULOMB’S LAw

552 (224 — 224£3 + 706* + 4885 — 21£9) 0<7<7,/2
07’57,
Ry(ry=2% 3 1 (12 ooy so6e_ 8402 + 224€% + 706 — 4865 + 7€) o j2<r<r @)
i\ = e 352 5—2— + 896¢ — E= 4 224€° + 70£* — 488° + T¢ Tor/2 <7 <7y
1

—_— A > 7)87’
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Fig. 4. Force diagram for Si using a nonuniform mesh is shown for the moved
chargey, placed along each axis (o, +, and x as shown above) and compared
Fig. 3. Force diagram for Si using a uniform mesh is shown for thregith the results of Coulomb’s lawx. The lower lines denote the mesh forces
orientations of separated charges relative to the mesh (o, +, and x as sh@wifle the upper lines denote the corrected total forces.
above) and with the results of Coulomb’s law).(The lower lines denote the
mesh forces, while the upper lines denote the corrected total forces.

nitude in the transition region and at least the double-counting

found using a uniform rectilinear megiil x 41 x 41) and the component of the transition error is much reduced. .

results are compared with the magnitude of the Coulomb forceln. !:'g' 4, the force diagram is recalculated for a ngnunlform

in Fig. 2. reculmgar mesh{41 x 41 x 41) where the mesh spacing is re-
To emphasize the dependence of the mesh force on the lo ged in the center of the mesh t_o as nm (alm)g_lo nm

tion of the charges, three orientations of the charges with resp Pngy) and 20 n_m_(along). In this case, the radps of the

to the mesh are considered and the interparticle force is Calénprt-ra_nge do_maln in the mesh center is found using the pro-

lated for each (see Fig. 3). In case 1, the fixed chargeplaced pedure In Section IV as,. = 2-20 nm — 40 nm. A chargef(,

at the center of a mesh cell and the moved chajigis, placed is fixed in the center' of a mesh cell, while the moved .chajge,

along a line through the center of the cell. In case 2, the fixé%ip.laced a}long the Imgs down the center'of the cells in eagh co-

charge is placed at a mesh point and the moved charge is pla! @nate direction (as in case 1 for the uniform mesh). In Fig. 4,

along the diagonal through mesh points to a corner of the meSH: mesrr]l forcEs can Ee seento perz]alk at |r;]crea5|nhg radu_ipr D
In case 3, the fixed charge is again placed at a mesh point %, wWhere the peaks occur roughly atthe mesh spacing. De-

the moved charge is placed along a mesh line. The point of tRite the variation in the mesh forces, the modified shape density
comparison is to note the difference in the mesh forces for e?{ ort-range correction produces a reasonably accurate estimate

case. In particular, the third case results in a greater differe %the fCom_Jlombforg_?_lr;Iall orﬁnt%t_lons asaexpe_cter(]j_. An advanr;
in the mesh force with that produced by the Coulomb force Ia(ﬁge of using a modified cutoff radius as donein t IS approac
than in the first two cases due to the reduced spreading of {ﬁéhat the extent of the short-range domain automatically adapts

charge in charge association and the sharply peaked poter{ﬁa\f".’l_”at'ons in the mesh Size. Such var.|at|ons_ are common for
which occurs at the location of the charges. rectilinear meshes employed in device simulation. It should also

In addition to the issue of double counting the short-ran noted that the improved accuracy in the corrected total forces
force, there is clearly an issue of the orientation of the char Fig. 4 as compared to those in Fig. 3 results, in part, from the

to the mesh and the effects of charge association and diff p_nsideration of only the lower-error centered orientation (case

encing to find the field. We must, therefore, consider a gefi-" Flg.d3)far?d,hm part,lfrqm t.herf]act that the mzsh IS nom:jnl—
eral transition error between long- and short-range domainsa{ gn and of higher resolution in the region tested compared to

attempt to minimize it. The mesh force is determined in th € uniform case.

work by a second-order cloud-in-cell (CIC) charge association

and a seC(.)nd-or'der.centered finite di.fferer!ce approximation for IV. P3M-EMC METHOD

the potential derivative. The mesh-orientation component of the

transition error may be reduced by adopting the third-order tri- Considering now the more general problem of semiconductor
angularly shaped cloud (TSC) charge association scheme avansport simulation, we combine the extendéiRilgorithm

the CIC scheme [8] and higher order forms for the potentiglven above with the standard ensemble Monte Carlo (EMC)
derivative, but short of solving the Poisson subproblem for eaatethod. The combine®®I-EMC method (see Fig. 5) is a vari-
particular charge orientation, the transition error is impossible&ion of the standard EMC method using 3vPto evaluate
eliminate fully. The result for the force law in Fig. 3 shows thathe c-i and c-c forces. Along with the particle-mesh solution
the shape density approach effectively smoothes the force mg-the electrostatic potential, the force sum is found for each
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Fig. 5. Flowchart of the 8M-EMC method where bounding box denotes tlR¥Rorce evaluation and dashed lines revert to the standard EMC method.

particle within the cutoff radius and is added to the particle-mesbnsistent field forces particles into the voids [18]. As particles
force while the c-i and c-c scattering rates used in continuumact to the field and approach points where the net force is zero,
methods are omitted. Scattering by phonons, impact ionizatidhey may continue their motion if their kinetic energy is nonzero
and blocking materials as well as device contacts and carrier dytd proceed to oscillate.
namics are treated in the standard way by the EMC method. Using the BM algorithm for the treatment of short-range
c-i and c-c interactions is economically advantageous to, but in
A. Implementation Details principle equivalent to, using a fine Poisson mesh. In regard to
2-D EMC simulations using c-i and c-c scattering rates, it has

The FM-EMC method was implemented in this work een suggested [18], [19] that the resolution of Poisson meshes

by solving the 3-D Poisson equation using the conjuga %ould be limited to the extrinsic Debye length. While this re-

gradient method for nonuniform rectilinear meshes wnﬁ Co . . .
. " . _striction is necessary in such a scheme to avoid double counting
arbitrary boundary conditions [12]. In all Monte Carlo sim- . . .
. X ! . of the short-range forces with the c-i and c-c scattering rates,
ulations where the bias fields are low, accurate modeling. o o .
introduces a significant limitation on the flexibility of mesh

of the low-energy band structure is important. In this Worgesign [9] and is not an issue in theMREMC method since
for Si, high accuracy of the band structure is achieved té’

. . . ulombic scattering rates are not used in this method.
using nonparabolic analytic band structure below 0.1 eV an L . .
2 . . A further limitation on the resolution of Poisson meshes used
empirical pseudopotential full band structure above it [13

[14]. In regions where the bias fields are low and the dopinﬂh 2-D EMC simulations has been explained [18], [19] as that

levels are low( N, < 1047 cm—?), electron-phonon scattering r%quwed to enforce Landau damping, where Landau damping is

. . tr?e process which transfers the energy contained in a plasma os-
effects are important. The electron-phonon scattering modeﬁ . . . .
illation to single particle(s). The references above explain that

used in this work are analytic rates based on nonparabq iC... . . . .
analytic band structure for intervalley acoustfe, and g-type imiting mesh resqluuon.to the critical damping wavelength. in-
' sures that oscillations with wavelengths shorter than the critical

X-Xintervalley and X-L intervalley mechanisms with energle%vavelength are attenuated. We support the contention made in

and _de’formatlon po_tent|als_ as given by [15]. Also included 0] and [21], that Landau damping is automatically accounted
Cartier's model for impact ionization [16]. Above 1.0 eV, th . ) . . . : )
or in self-consistent particle-Poisson simulations. In this re-

rates are scaled by the density of states [17]. gard, we believe that no limitation on the mesh density or appli-
cation of short-range methods is required when using a realistic
carrier distribution as employed in théN-EMC method.

Within the realm of classical physics, plasma oscillations are The remaining requirement to accurate modeling of plasma
potential or particle density fluctuations which result from thescillations is on the time step of the synchronous ensemble. The
correlated movement of charged particles with respect to a séfiyquist theorem calls for updating the field at a time interval
consistent field. As particles move and create voids, the sealf no more thar[).5w1;1 to avoid undersampling the plasma

B. Considerations for Plasma Oscillations
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1500 ‘ ' ' ' by the BM-EMC method have an advantage over short-range

scattering rate approaches in that short- and long-range interac-
tions can be treated in a unified way and that such methods are
consistent in both bulk and granular conditions.

1000
V. CONCLUSION

The BM algorithm has been modified for application of
nonuniform rectilinear meshes and arbitrary boundary condi-
tions and combined with the EMC method as tHfFEMC
method. The BM-EMC method replaces the standard treat-
ment of c-i and c-c interactions with scattering rates, as used
in two dimensions, with an explicit calculation of interparticle
forces and scattering effects in three dimensions. Results
indicate that the method can accurately reproduce Coulomb’s
law and mobility-doping characteristic in silicon while main-
taining an approach that is capable of simulating nonuniform
Fig. 6. Electron mobility versus donor doping where the dashed line aghd boundary-affected devices such as a MOSFET. Work
e e oeeara e oxifbing granular effects in an ultra-small MOSFET's using the
al. [3], and squares with solid line are done using tARIFEMC method. M-EMC method is in progress.

The high degree of accuracy of theNrEMC method in re-

modes [15]. For the n-type resistors considered below, Whé)rreoducmg experimental mobility data for silicon at room tem-

+ m~ A . erature indicates that c-i and c-c interactions in silicon can be
n = N 4+ p = N, the inverse plasma frequency may be ap- : !
; adequately modeled by the semiclassical approach presented
proximated as [18]

here. The use of a semiclassical approach may be question-
able at much lower lattice temperatures because of the effects of
quantum coherence on the transport, but we feel that the semi-
classical approach should be applicable to deep-submicron Si
devices at room temperature. Most important, tBMfEMC
Here,m. is the conductivity mass and for (100) silicon is giverinethod integrates 3-D granular treatment into the Monte Carlo
by m. = 3(2/my + 1/m;)~* with m; = 0.916m, andm, = method and continues the strongest merit of the method: the ca-
0.190m,, [22]. ForNj < 1029 cm—2 as considered below, thepability to model semiconductor devices with a high degree of
time interval called for by the Nyquist theorem 033%71 — physical accuracy and with a direct and verifiable approach.
1.54 fs. In order to satisfy this limit, a time step of 1 fs is used
in our simulations.

n (cm2Ns)

n

500

-1 ~

w (eme)/(e*n). 9)
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. I of reference [3].
An essential validation test for short-range Coulomb models

in semiconductors is the simulation of low-field mobilities [5].
In order to make a direct comparison with existing results, we

C. Simulation Results for Bulk Mobility
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