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Multidimensional Modeling of Nanotransistors

M. P. Anantram and A. Svizhenko
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Abstract—In this paper, we review our recent work using the
nonequilibrium Green’s function method to model nanotransis-
tors. After presenting a motivation for the need of quantum
mechanical modeling, an account of the equations and imple-
mentation is given for both 1-D and 2-D modeling. Examples
are given to highlight the use of the developed models. Finally,
possible future directions in quantum mechanical modeling of
transport in nanotransistors are highlighted along with computa-
tional challenges.

Index Terms—Algorithm, computational electronics, contact
resistance, gate leakage, Green’s function, modeling, MOSFETs,
nanoelectronics, nanomaterials, nanotechnology, non equilibrium
quantum transport, parallel processing, phonons, quantum ef-
fects, quantum theory, review, scattering, semiconductors, silicon,
simulator, software.

I. INTRODUCTION

ALLISTIC and quantum-mechanical effects are becom-

ing important in transistors with nanoscale channel
lengths. Predictive modeling methods using physically accu-
rate equations to capture the device physics will help both in
choosing between emerging technologies and in understanding
the limitations of downscaling conventional technology. More
specifically, building modeling infrastructure will help throw
light on the following issues.

1) Ballistic transport: The channel length of the silicon tran-
sistors is projected to approach 10 nm in the year 2015
for the 22-nm technology node [1]. This is comparable
to the wavelength of an electron with thermal velocity
and mean free path (due to electron—phonon scattering),
which are both also around 10 nm. The concept of mobil-
ity within the context of the drift-diffusion equation is no
longer well defined, and transport in the channel is quasi-
ballistic.

Scattering from impurities: With decreasing channel
lengths, the device to device fluctuations in transistor
current—voltage characteristics due to scattering from im-
purities become important [2]. Scattering from multiple
impurities will not be equivalent to the series combination
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of scattering from independent impurities, as assumed in
semiclassical modeling.

Tunneling and capacitance corrections: The thickness of
ultrathin silicon oxides will approach 1 nm unless new
high-x dielectrics are used. The tunneling current through
oxides is expected to increase with a decreasing channel
length. In addition, the location of the inversion layer in
the silicon channel typically peaks around 1 nm from the
oxide-silicon interface. This decreases the capacitance
of the MOS structure due to a nonnegligible increase in
effective oxide thickness [3].

Novel channel materials: In emerging prototype transis-
tors based on nanomaterials such as carbon nanotubes
and nanowires, a straightforward application of the tra-
ditional effective mass approach is of limited validity.
A more accurate method based on the tight binding/
ab initio Hamiltonian can handle a wide variety of chan-
nel materials.

Novel device physics: Nanotransistors may exploit band
to band tunneling (between conduction and valence
bands) in the channel [4], [5]. These tunnel transistors
can have an inverse subthreshold slope that is smaller
than 60 mV per decade at room temperature, which is the
minimum possible value in conventional transistors.
Quantum corrections to semiclassical simulations: Semi-
classical models have incorporated quantum corrections
to account for quantum mechanical features that be-
come important with miniaturization [6]—[8]. Quantum
mechanical simulations are playing an important role in
benchmarking these quantum corrections [9], [10].

3)

4)

5)
6)

In this review paper, we will discuss our approach to quantum
mechanical modeling of transistors using the nonequilibrium
Green’s function (NEGF) approach. Simply stated, the advan-
tage of using the NEGF approach in transistor modeling stems
from its ability to calculate the nonequilibrium distribution
function of electrons in the presence of tunneling, scattering
mechanisms (that cause energy, momentum, and phase relax-
ation), and coupling of the device to contacts.

To put NEGF modeling into context, we will first discuss
the procedure to calculate the charge and current densities in
a device using Schrodinger’s equation. The wave function in
the MOSFET is obtained by solving Schrodinger’s equation

[_z’iw N voﬂ o(7) = Eo(7) M

for the structure consisting of the device (D) coupled to the
source, drain, and gate (G) contacts, as shown in Fig. 1. The
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Fig. 1. Wave function in the device (D) region shown by the dashed box

consists of waves incident from the source (qb(source)) ¢gram>)
((i)(Dg’ate)), and localized states (\II<D1 )). Waves incident from the substrate are
neglected. The charge density inside the dashed box is obtained by solving
the Schrodinger’s/NEGF equations by treating the role of contacts as boundary
conditions. Electron waves are incident from the semi-infinite source, drain,
and gate, with a probability given by the Fermi factor in the contacts, fs, fq,

and fg, respectively.

drain ( , gate

wave function ¢(7) at energy E consists of four orthonormal
sets of wave functions [11]: 1) traveling waves incident from
the source ((bDC;c“rce)) 2) traveling waves incident from the

(Dmm)) 3) traveling waves incident from the gate

D,k
( (52@); and 4) states localized in the device region (¢\°?)).

Note that the subscript D represents the device region, and
k is the quantum number of a traveling wave incident from
contacts to the device. The potential in the source and drain
contacts is assumed to be constant along the transport direction
(horizontal direction in Fig. 1). Similarly, the potential of the
gate is assumed to be constant along the vertical direction in
Fig. 1. The resistance of these highly doped contact regions
can be included as classical series resistances, although caution
must be exercised in choosing the boundary between the device
(D) and contact regions, which will be discussed in Section IV.

The contribution to electron (n) and current (.J) densities at
location 7" are given by

n(7) = ZU\IJ Sourcc) ‘fs

<gae)+ |00 1m)| - @

drain (

Drain 2
+ e @)

and

F) Z B |: (Source)(_;) V\II(Source)(_y)fs( )

+ \II(Dram (_;) v‘l/ Dram ( )fd(E)
+ 0l (7 ng;te)(f) fo(B)=c.]
3)
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where fs, f4, and f, are the Fermi factors in the source, drain,
and gate contacts.! A computational approach based on solving
(1)—(3) coupled with Poisson’s equation can account for all the
effects in nanotransistors stemming from phase coherent trans-
port (phase coherent transport here refers to evolution of the
electron wave, as given by the Schrodinger’s equation without
decoherence). The following quantum mechanical features can
be modeled using (1)-(3):
1) ballistic transport and tunneling from the source to the
drain;
2) tunneling across the gate;
3) discrete energy levels and correct shape of the electron
density in the inversion layer;
4) elastic scattering due to dopants, impurities, and surface.

However, in a device operating at finite bias and room tempera-
ture, electron—phonon and electron—electron scatterings are in-
evitable. We have shown that transistors having channel lengths
of 10 and 25 nm are far from ballistic when electron—phonon
scattering is included [12]. References [13] and [14] has more
comprehensively evaluated the scattering rates associated with
various mechanisms for scattering and pointed out the impor-
tance of scattering in nanotransistors. The major reason for
going beyond the Schrodinger’s equation in modeling nan-
otransistors is the importance of including inelastic scattering
mechanisms (electron—phonon and electron—electron) which
leads to loss of phase coherence.

In Section II, we present the NEGF equations as applied
to nanotransistors in the context of a general framework. In
Sections III and IV, we present the application of the general
equations discussed in Section II to our 2-D work in the ballistic
limit and quasi-1-D work with electron—phonon scattering.
Section V highlights details of the computational procedure and
code parallelization efficiency. Some challenges and outlook
are presented in Section VI.

II. NEGF EQUATIONS FOR LAYERED STRUCTURES

In the presence of phase-breaking scattering, (2) and (3)
cannot be used to compute the charge and current densities.
This is because scattering causes the various eigen states of the
Hamiltonian (1) to mix with arbitrary quantum mechanical
phase factors that cannot be determined. Furthermore,
electron—phonon scattering drives the distribution function in
the device away from equilibrium in a manner that the charge
and current densities cannot be determined in a simple manner
from the Fermi-distribution function of the contacts, as given
by (2) and (3). The NEGF approach gives us a clear recipe in
calculating the electron and current densities in the presence of
an applied bias by accounting for electron—phonon scattering.
It has been used to model transistors in the context of device
structures that can be broken down into layers, with each layer
consisting of grid points [12], [15]. Fig. 2 shows layered struc-
tures corresponding to 2-D (conventional MOSFET) and 1-D
[linear chain of grid points used to model a dual-gate MOSFET
(DGMOSFET) in mode space] devices. The single particle
Hamiltonian of the layered structure is a block tridiagonal

I'c.c stands for complex conjugate and 1 stands for Hermitian conjugate.
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Fig. 2. (a) MOSFET consisting of n layers along the y-direction. Each
layer consists of all grid points in the x-direction, which can vary with y.
The dashed box corresponds to the dashed box in Fig. 1, where the NEGF
equations are solved. The semi-infinite source, drain, and gate contacts are
included as self-energies. (b) DGMOSFET in (top) real space is transformed
into a 1-D problem in (bottom) mode space with n layers. Each of the
n layers consists of M grid points corresponding to quantized energy levels
in the channel of the DGMOSFET. These M grid points are linked only by
electron—phonon interaction in our treatment. The figure only shows the grid
points corresponding to two quantized energy levels (M = 2).

matrix, which is shown at the bottom of the page, where
diagonal blocks H, represent the Hamiltonian of layer ¢ and
off-diagonal blocks T, ;41 represent interaction between layers
gand g + 1.

The retarded Green’s function equation in the presence of
electron—phonon scattering is
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where X3, .., is the self-energy due to electron—phonon
scattering. We partition the structure into the device, source (s),
drain (d), and gate (g) leads, as shown in Fig. 2. The current and
nonequilibrium electron density in the device can be calculated
without computing any nonequilibrium quantity in the contacts.
That is, the role of contacts is accounted for only by including
the effect of “isolated contacts” (that are not connected to the
device) in thermal equilibrium as boundary conditions.
We first define

Al = [EI - H - E%honon] .

Then, (4) can be written as

A/ss /sD O O
/ ps App Apa A
AG =1 — s s
O Ay Ay O
0] AgD o Agg
GL G Gu G
X :]?s ;BD i?d GT;S
Ds dD dd dg
Ggs gD gDb Ggg
I O O O
O I O O
“lo o1 o )
O O O I
where
[ ] [ ] [}
[ ] [ )
A/ o _T1 ! _
ss s3 \]%3 52
Tsl ;% _T51
Ty Ag
and
m T
_Tgl 112 —Taz
/
dd = —T;Q Al =Ty
[ ] [ ] [ ]
[ ] [ ] [ )

are semi-infinite dimension matrices corresponding to the semi-
infinite source and drain contacts, respectively. The symbol O
is used to represent zero matrices. The matrix A7, which is

[E] — H = Epponon) G" =1 (4)  shown at the bottom of the next page, corresponds to the device
[ ] [ [ ]
e Hy T
Tiy, Hy Tos
[ ] [ ] L]
H = ° .
[ ]
T’rth,nfl Hn Tnfl,n
271 n H’ﬂ i
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region. Each of the matrices A} through A/ corresponds to
the n layers of the device; A%, A’,, and so on correspond
to the layers of the source contact, and A’;;, A/, and so on
correspond to the layers of the drain contact. The matrices

o o o o O —Tpg

e o o o O O

bs =]l e o o o O (0]

e o o o o °

e o o o O O

and

0] O o o o o
° e o o o o
i)d = @) O o o o o
@] O o o o o
—Tpg O e e e o

represent coupling of the source and drain contacts to the
device, respectively. The dimension of A}, and AL, is equal
to the number of grid points in the first and last vertical layers
in the device by the infinite number of grid points in the source
and drain contacts, respectively. The only nonzero elements of
Apg(Apy) correspond to the connection between vertical layer
1 (n) of the device to the vertical layer of the source (drain)
that is closest to the device.

The gate is represented in a similar way as the source and
drain, except that each element corresponds to the horizontal
layer of the gate contact

!
gl *Tgl
T /
Al ~a 2 7
gg ng 93 g3
[ ] [ ] [ ]
[ ) [ ) [

The coupling of the gate to the device is represented by

_TDlg O o o o o

—TIp,y O e o e o

Al = ° e o o o o
~Tp, g O e e o

—TIp,g O e o e

The size of Abg is equal to the number of grid points in the
horizontal layer of the device times the infinite number of grid
points in the gate contact. Note that the gate connects to all
layers of the device (Fig. 2).
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The Green’s function in the device region can be solved
using simple algebraic operations on (5) to give

[Abp — Aps AL A — AbaAnd Aip
beAgs Agp] Ghp =1 (6)

The second, third, and fourth terms of (6), which represent
coupling of the device region to the source, drain, and gate
contacts, respectively, are called self-energy functions.

The Green’s functions of the isolated semi-infinite contacts
by definition are

A/Ssgg =1, Aﬁdgg =1 and A;ggg;’ =171.

The surface Green’s function of the source (drain) contact is
the element of g’ corresponding to the edge layer —1(n + 1)
in the source (drain) contact

r _ —1 r _ -1
9571,71 - (ASS )1,1 and gdn+1,n+1 - (Add )1,1 :
Equation (6) can now be rewritten as

[EI -—H-% grain - Egate] GBD =1

(7

The only nonzero contributions due to the source and drain
contacts are in the first and nth block of (7), respectively

T _ E’I" _
Phonon source

T . T . T
ZsourceLl =Tps 9s 4, Tsp = Zs

T _ T _ T ’

draing,, =1Dd Yd, .1 e LdD = 2g

The gate self-energy (X, )
Egatemz = TDigg;LngDi’

is a little more complex as summation over the gate (g) grid
points are implied. Note that Tps = 70, and Tpg = Tl
Yources Lqrains and Mg, are known as the self-energies due
to the source, drain, and gate contacts, respectively; they are
all square matrices with a dimension equal to the number
of grid points in the device. The only nonzero elements of
Yl ource(Xarain) are shown earlier, and they correspond to the
connection between the grid points in layer 1 (n) and the
source (drain), respectively. The value of X{ ... and X ..
at all other device grid points is zero. Tp,, is the coupling

!
T —Tie
T /
_T1,2 2 _T273
[ ] [ ) [ ]
4 ° °

DD —

“—dn-1n

A/

n
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between layer ¢ in the device and gate. If the tunneling across

the gate oxide is neglected, then X3¢, is zero. By defining

r r
E%ource - -X

gate

ADD =FEI—-H— Eghonon (8)

d1 ain

(7) can be written as
AppGpp = 1.

The Green’s function G" described does not contain
information about the nonequilibrium electron and current
densities. However, G" is necessary to calculate these
quantities. At equilibrium, the electron density (n) at spatial
location 7 and energy F is related to G” by

n(r, E) = N(7', E) f(E)
where N(7,E) = —(1/m)Im[G"(r, E')] is the density of
states at location 7, and f(F) is the Fermi factor. Away from
equilibrium, the electron density is equal to

n(7, E) = —iG< (7,7, E) 9
where G< is called the less-than Green’s function. The
governing equation for G< is
s

[EI -H- Z;honon] G PhononGa (10)
where G is the Hermitian conjugate of the retarded Green’s
function G”. Elfhonon(r, E) is the less-than self-energy
which represents in-scattering of electrons to (7, F) due to
electron—phonon scattering. The dimension of (10) is essen-
tially infinite due to the semi-infinite source and drain leads. It
can, however, be converted to a matrix with dimensions equal
to the number of grid points in the n device layers. In a manner
similar to the derivation of (7) for the retarded Green’s function,
the role of the contacts can be folded into the device to obtain
E’l‘

source

[EI - H - E;homon
_3r

drain (1 1 )

}GSD_E aDD

gate

or
< _ < a
AppGpp = X5pGhp

The self-energy 5, has contributions due to both electron—
phonon interactions and leads
=¥5

5D, + 35+ 35

Phonony; gate;
< < <
EDD EPhononn n + E + EgaLte

< —
EDD EPhonon” + Eg"mte

where 7 =2,3,4,...,n — 1. The in-scattering self-energies
due to the contacts, Z< Y5, and I,

sate Ar€
S5(B) = —2Im [S(E)] f5(E) = iTs(E) fs(E)
Y3 (B) = —2Im [Sy(E)] fa(E) = iTa(E) fa(E),

Zgate(E): —iZIm[ gate( )] fg( )= iFgatE(E)fq(E)a
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where
IW(E) = -2 Im[S}(E)]
Tu(E) = - 2T [S(E)]
Paaie(B) = — 21 [£,,,(B)]

fs>» fa, and f, are the distribution functions (Fermi-Dirac)
in the source, drain, and gate contacts, respectively. The
dimension of X{(E), X3(E), and ¥, (E) are equal to the
number of grid points in layer 1, layer n, and the entire device,
respectively.

While the calculation of the diagonal elements of G< gives
us the electron density as indicated in (9), the calculation of the
self-energy E;};non requires another correlation function G~,
which is called the greater-than (hole) Green’s function. The di-
agonal elements of G~ (E) represent the density of unoccupied

states (in the valence band, this would give the hole density)
7, E) =iG” (7,7, E).

The governing equation for G~ (E),

[EI = H = Xpponon] G~ = ShononG* 12)
can be written as
[ET — H = Zbhonon — Ssource
—Xlrain — Zgate] GBD = ESDGaDn (13)

Equation (13) can also be written as

> > a
AppGpp = XppGhp

> >
z:DDH EPhononll + E + Eg1t911
> > >
Z:DD”,L EPhonon + 2 + Z:gate

> _
EDD” EPhonon” + Egatc

where i =2,3,4,...,n—1. 3, .., is the out-scattering
self-energy due to phonon scattering. The out-scattering

self-energies due to the leads X7, X7, and X2, are

X7(B) =i2Im [SU(E)] (1 — fo(E))
= — il (E) (1 - fo(E))
57 (B) =i2Im [S4(E)] (1 - fa(E))
= —il4(E) (1 = fa(E))
Seate(B) =i2Im [S, (B)] (1 = fy(E))
= —ilgate(E) (1 = fo(E))
where 1— fi(E), 1— fq(E), and 1— f,(E) are the

probability of finding an unoccupied state in the source, drain,
and gate contacts, respectively, at energy /. We also state that
G", G% G<, and G~ are related by G" — G* = G~ — G<
and X7 — X% =¥~ — ¥,

It is important to note that the full G[;, matrix is not needed
to calculate the diagonal elements of G< (electron density)
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and G~, which are repetitively needed in modeling of devices.
Computing the full GT,, matrix approximately requires N2
operations. N = M - Njaye, is the total number of grid points,
where M is the matrix size of each layer (equal to the number of
grid points) and Niaye; is the number of layers in the structure.
In contrast, the use of the recursive algorithm discussed in
reference [15], albeit more difficult to implement, significantly
cuts down the operation count to M 2.7. Niayer. The main
assumption that should be satisfied so as to use the recursive
algorithm developed in [15] is that App is block tridiagonal.

III. 2-D MODELING OF TRANSISTORS: REAL SPACE

In this section, we will discuss 2-D modeling of nanotran-
sistors and define the A’ matrices of Section II. While [15]
considers the more general case, the discussion here is restricted
to a single valley of silicon with effective masses m,,, m,, and
m,. The Hamiltonian is

Rl{d (1 d d (1 d
Hf)y=——7|—|—— — | ——=
) 2 [dm (mz dx) * dy (my dy>

s ()] e as

m, dz

where m,, m,, and m, are components of the effective mass.
The equation of motion for the Green’s function (G") and
electron correlation function (G<) is

[E— H(™)|G" (71,72, E)
—/dFET(Fl,F, EYG" (7,72, E) = 6(71 — 72) (15)

and

[E — H(7)] G<P)(7, 7, E)
—/dFET(Fl,ﬁ E)G<)(F,, B)

- / 47 S<C) (7, 7, )G (7.7, ). (16)

7, 1, and 75 span only the device in (15) and (16). The
influence of the semi-infinite source, drain, and gate leads, and
electron—phonon interaction are included via self-energy terms
Y7 ¥<, and ~.

The electrostatic potential varies in the (x, y) plane in Fig. 2,
and the system is translationally invariant along the z-axis.
Therefore, all quantities A(7, 72, E) only depend on the dif-
ference coordinate z; — z2. By using the relation

dk, .
61/62(21722)14(1.17y17x27y23 ksz)

A(Fl,FQ,E):/?

(15) and (16) simplify to

h%k2
{E— Zm: = H(Fl)} G" (7,72, k,, E)

—/ dr¥" (7, 7 ky, EYGT (7,72, ky, BE) = 8(7 — 7)) (17)
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and

h2k2
[E L H(m} G< (7, 7y, k., E)
- / A7 ST (71, 7, ks, E)G<C) (7, . i, E)

= /dFE<(>)(F17Fa ksz)Ga(Fa FQakzaE)
(18)

where ¥ — (x,y) for the remainder of this section.
Equations (17) and (18) can be written in matrix form as

AG" =)\
A/G<(>) _ E<(>)Ga.

and

19)

The self-energies due to the source and drain are nonzero
only at layer 1 and n, respectively [Fig. 2(a)]. The self-energy
due to the gate is nonzero at all layers of the device region
[dashed box in Fig. 2(a)], which make contact to the semi-
infinite gate. The A’ matrix is ordered such that all grid points
at the y-coordinate (layer) correspond to a diagonal block of
dimension N, and there are N, of such blocks. In the notation
adopted, A} , (i,7') is the off-diagonal entry corresponding
to grid points (z;,y;,) and (x;,y;,). Here, j1 and jo cor-
respond to the y-direction, and 4 and 7' correspond to the
z-direction. The nonzero elements of the diagonal blocks of the
A’ matrix are

A;’j(i, i) = E — Vij — Tj’j(i +1,i) — Tj’j(i —1,4)
= T4, (0y8) = Tj1,5 (i, 0) — (@i, )05,
= B3, 2:)05, N, — Sgate (Y55 Y5)0i1
A;-yj(i +1,4) = ijj(i +1,4) — X% (241, xi)éj,l
— X4 (@it1, )05,
Al (i,1') = =35 (24, w40 )01 — (@, i )05 N,

fori' #4, i+ 1

where B/ = E — h*k2/2m., and V; ; = V(x;,y;). The off-
diagonal blocks are

Al (i,1) =0,

g
g for j' £ j.

The nonzero elements of the 1" matrix are

12 2 !
T;;(i£1,7) =
(i 1,4) 2mET xiy — i1 |Tie1 — T4
. . hQ 2 1
Tji1,5(i,1) =

2mAY Yy — Yot |Yis1 — Yl
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Fig. 3. (a) Resonant energy level versus gate voltage. (b) Current—voltage relationship using a classical and our quantum simulator (with permission from [15]).
where  m* = (mjs1;+m;;)/2 and m* = (m; ;i1 + The current density flowing in the z-direction from

m; ;)/2. A is a diagonal matrix whose elements are given by

4

($i+1 - xifl)(yi+1 - yi—l).

A

4,450, =

The A\ appearing in (19) corresponds to the delta function
in (17).

Finally, we comment on the procedure that is developed
to calculate the gate current. A proper treatment of the gate
contact would require the inclusion of gate self-energy into
the Hamiltonian matrix AbD. This would, however, break the
block-tridiagonal form of Ajyp, by introducing far off-diagonal
matrix elements, which couple remote points of the gate con-
tact. The recursive algorithm, which is used to calculate the
charge and current densities [15], requires a block tridiagonal

form of App,. Therefore, we set X, = 0. That is, the
ey

self-energy elements connecting two different layers is zero.
We therefore use an approximate treatment of the gate contact
by including only the diagonal elements of the gate self-energy.
The equations for self-energies of the gate contact are

Sgate, ,, (1 1) (E) = 0y 0iir0:10i1 Tus gy Tep
S5 (1)) = Tyaie (B)f, ()
570 (01)(B) = — T [1 — f,(E)

where
Fgate (E) =—-2Im [Egate(E)} .
The electron density at (z;,y;, k., E) is given by
n(zi, yj, k=, E) = —iG5;(i,4) evaluated at (k., E).

The current density flowing in
(xia yja kza E) to (x’h yj+17 kza E) is

the y-direction from

Jy(xiayjakZaE)
2e . . . .
= i [Tj+1,j(ZaZ)Gj<,j+1(Zvl) - Tj,j+1(laZ)Gj<+1,j(ZaZﬂ

evaluated at (k,, F). (20)

(xivyjakzaE) to (xi+17yjakZaE) is

Jw(xi7yjakZaE)

2e

h

[T, (i+1,40)G5(iyi + 1) =Ty 5 (i, i+ 1) G5 (i + 1,1)]

evaluated at (k,, F).

A. Numerical Results

By using the equations presented earlier and by following
the computational procedure outlined in Section V, we review
our results of the 2-D simulations. Our approach can account
for quantization in the inversion/depletion layer, gate tunneling,
and ballistic transport. However, electron—phonon scattering
is not included due to the large computational cost (see the
discussion in Section VI). Consider the MIT-25 MOSFET [16]
which has a channel length of 25 nm. The current as a function
of the gate voltage calculated using our quantum simulator is
compared to results from MEDICI [17]. The subthreshold slope
from the quantum simulator is smaller than that predicted by
MEDICI [Fig. 3(a)]. To understand this, we note that, while
classically, the drain current at small gate biases is determined
by the bottom of the conduction band at the source injection
barrier, quantum mechanically, it is determined by the energy
of the resonant level at the source injection barrier. With an
increase in gate bias, the band bottom of the quantum well
decreases at the source injection barrier, as shown by I
(classical) in Fig. 3(a). In comparison, the energy of the lowest
resonant level at the source injection barrier E,; decreases
more slowly, due to a stronger confinement in the channel,
with an increase in gate voltages. As the drain current in the
subthreshold region exponentially depends on barrier heights,
which are Ej, (classical) and E, in the classical and quantum
cases, respectively, it immediately follows that the subthreshold
slope is smaller in the quantum case.

The quantum mechanically calculated OFF current is higher
than the semiclassical value when the polysilicon gate of the
MIT-25 device is quantum mechanically treated just like the sil-
icon in the channel (see “Q1 g-poly” and “Medici” in Fig. 3(a)
at Vg = 0). The reason for this is that the calculated band
bending in the polysilicon gate is opposite to the semiclassical
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Fig.4. Gate-tunneling current flowing at different points along the channel for
devices with gate lengths of (a) 50 and (b) 25 nm (with permission from [15]).

prediction. Semiclassically, the conduction band in the polysil-
icon gate monotonically bends upward as the gate oxide is
approached from deep inside the polysilicon gate in Fig. 2(a).
In contrast, the quantum mechanically calculated conduction
band bends downward as the gate oxide is approached from
deep inside the gate. This is because the wave function is
very small close to the gate-oxide interface, which makes the
background doping density larger than the electron density. The
lower conduction band of the polysilicon gate, in turn, causes
a lower value of the conduction band bottom in the silicon
channel when compared to the classical case, which causes
the significantly higher quantum mechanically calculated OFF
current. The OFF current that is obtained when all bands bend-
ing in the polysilicon gate are neglected [“Q1 flat band” in
Fig. 3(a)] is in close agreement with MEDICI. Finally, the
quantum mechanically calculated ON current is larger than the
MEDICI value because it is calculated in the ballistic limit.
The simulator is also capable of calculating the current
flowing through the gate using (20). The polysilicon gate length
(Lg) in the MIT-25 device is 50 nm. There are significant
gate—source and gate—drain overlaps because the channel length
is only 25 nm. The gate current tunneling across the oxide
at various locations along the channel is shown in Fig. 4(a)
at a drain bias of 0.1 V and for three different gate biases. At
negative gate biases, the tunnel current flows into the gate at
locations corresponding to both the gate—source and gate—drain
overlap regions, as shown by the dashed line. At zero gate
voltage, the tunnel current primarily flows into the gate at
the gate—drain overlap region, as shown by the solid line. At
positive gate biases, the tunnel current flows into the channel at
locations corresponding to both the gate—source and gate—drain
overlap regions, as shown by the dash-dotted line; this current
is larger in the gate—source overlap region because the voltage
between the gate and source is larger than that between the gate
and drain. Based on the profile of the tunneling current along
the channel in Fig. 4(a), the simulator was used to investigate
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if the gate current can be decreased without changing the
drive current by decreasing the gate length. The gate-tunneling
current that is obtained by reducing the gate length to 25 nm
is shown in Fig. 4(b). It is shown that the gate current in the
overlap region decreases by about ten times. At the same time,
the electrostatics near the injection barrier does not significantly
change, and the corresponding drive current decreases by less
than 2%. The simulator can also be used to find how the
source—drain (Iopr sp) and gate—drain (Iopr,gp) components
contribute to the total OFF current (Iopr) with decreasing oxide
thickness. Iorr can be written as

Iorr = IloFr,sp + lorr,aD-

As the oxide thickness decreases, Iorr,ap rapidly increases
because of quantum mechanical tunneling across the oxide and
eventually becomes much larger than Iopr sp. Fig. 5 shows
the results obtained from a number of calculations for the
MIT-25 device with gate lengths of 25 and 50 nm. For the
device with L, = 25 /50 nm, the OFF current is essentially de-
termined by Iorr,gp When the oxide thickness is smaller than
1.7/2.1 nm. It is also shown in Fig. 5 that Iopr is about an
order of magnitude smaller for the device with the smaller gate
length.

IV. QUASI-1-D MODELING OF TRANSISTORS WITH
ELECTRON-PHONON SCATTERING IN MODE SPACE

Realistic nanotransistor modeling will involve phase-
breaking scattering such that transport is between the ballistic
and diffusive limits. In this regime, carriers are not thermally
relaxed in the drain-end of the transistor, in contrast to long
channel devices. The reflection of hot carriers from the drain-
end toward the source-end, both above and below the source
injection barrier, should be explicitly included in computing the
drive current. It is in this intermediate regime that the NEGF
method has a distinct advantage over self-consistently solving
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Schrodinger’s and Poisson’s equations. To illustrate modeling
of electron—phonon scattering in silicon nanotransistors using
the NEGF approach, we consider a DGMOSFET with an ultra-
thin body. As 2-D calculations are very computationally expen-
sive, our work with electron—phonon scattering is performed
within the framework of a quasi-1-D mode space approach.

The quasi-1-D mode space approach consists of solving a
1-D Green’s function equation for each subband that arises
from quantization in the ultrathin body [quantization in the
z-direction in Fig. 2(b)]. The electrostatics, however, is consid-
ered by solving the 2-D Poisson’s equation, which will become
clear toward the end of this section. As has been established
by [17], in the mode space approach intersubband scattering
due to the electrostatic potential is neglected in the phase-
coherent/ballistic limit. In our treatment, we include intersub-
band scattering due to electron—phonon scattering within the
Born approximation, as will be described below [12].

The 3-D effective mass Hamiltonian is the same as (14). As
the z direction is infinite, the wave function can be expanded as
®(x,y,2) = e*=*¢(x,y). The Schrodinger’s equation is then

g Pk _ <hd <1d)
2mb 2 dy \'mb dy
(oY e o
2 dx \ mb dz Y wY

In the first step of the mode space approach, the 1-D

Schrodinger’s equation
(L) | vy = By
2m? dx mbdos Y| 5l Y) = Enly)Enlly Y
(2D

is solved at every y-cross section [along the source—drain
direction in Fig. 2(b)]. This gives the eigen values E,(y)
that arise due to quantization along the body thickness
(z-direction). n = {v, b}, where v is the quantum number due
to quantization in the x-direction and b = 1, 2, and 3 is the band
index representing the valley of silicon.

In the second step, the Green’s function equations for G”,
G<, and G~ are solved in each subband n using the values of
E, (y) found in the first step. Note that E,, (y) is effectively an
electrostatic potential for electrons in subband n. The equations

solved are
h2d 1 d
- <_2d (mdy) + En@ﬂ

-

x Gy (y,y k., E) — /dy12 y,y1, k2, E)

h2k?

n
2m?7

x Gy, ks, E) =6(y — )

(22)
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and

21.2 2
{E_“_<_’i d

- /dylzz,(yyyl,kz,E)G§<>><y1,y', e D)

d
—— |+E <Gy, 9 k..E
(m”dy)+ n(y))]Gn (y, 9’ k2, E)

Y

= /dylzrf(>)(y7y17kZ7E)G?L(y17y,akzaE) (23)
m,, and m7 are the effective masses of silicon in the y and 2
directions.
The self-energies X5 (v € 7, <, >) are given by

=Xnc+Xnp where

Yo p =20 atE0 el
X7 ¢ 1s the self-energy due to the contacts. The phonon self-
energy X » consists of two terms, i.e., X7 due to elastic
scattering and 2 nel due to inelastic scattéring. Scattering
between the lowest three subbands due to electron—phonon
interaction is included, and all other intersubband scatterings
are neglected. The self-energy due to contacts is nonzero only
at the first (source) and nth (drain) grid points [Fig. 2(b)].
Assuming an isotropic scattering, an equilibrium phonon
bath, and the self-consistent Born approximation, the self-
energies due to electron—phonon scattering at grid point y;

are [19]
/ dE.

. /m 1
2Dl s |

X [nB(hwn)GfL’ (yiv E. E— hw??)
+ (np(hwy) + 1)G<,(yi,EZ,E + huwy)]

> o, VAL Sy (P
’I’L',T] f \% Z
X [nB(hwn)Gi, (yi, EZ,E + hwn)
+ (TLB(MU) + I)Gz,(yi,Ez,E — ﬁwn)] .

»/447

Egl,n(yivE) = Z nn’ Ga quzaE)

and

Ei<nol,n (yi7 E)

Ei>nel,n (yi7 E)

DA

inel.n, €an be obtained using the Kramers—Kronig relationship

[Ernel,n (yu E/):|
EF —-F

1 Im
Re [ZTneln(yiaEﬂ = 7P/dE/
? ™
and

1
Im [Elnel n(yla E)] Z |:Ei>nel,n(yi7 E) - Ei<nel,n(yi7 E)]

where P stands for the principal part of the integral. Note that
the self-energies due to electron—phonon scattering depend only
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on the total energy E (and not on F,) due to the assumption
of isotropic scattering. In silicon, assuming isotropic scattering
is a reasonable approximation. Isotropic scattering, in turn,
implies that the self-energy matrices are diagonal in the spatial
coordinate.

Here, 71 represents the phonon modes, and the square of the
matrix elements for phonon scattering is given by [20]

1 D2kT
Dn n' — (&/,M + 2) 5b,b’ p’U2

1
D! = |b, + =
1= (1)

The first expression represents intravalley scattering of 2-D
electrons on bulk acoustic phonons within an elastic approxi-
mation. The second expression corresponds to inelastic g- and
f-type intervalley scattering processes in silicon [21]. D4, Dy,
and Dy, are the deformation potentials, and wy, and wy,
are the phonon frequencies. p is the mass density, k is the
Boltzmann constant, 7" is the temperature, and v is the velocity
of sound.

In the numerical solution, n uniformly spaced grid points
in the y-direction with the grid spacing equal to Ay are con-
sidered. The discretized form of (22) and (23) are straightfor-
wardly found to be

D2 1 D2 h
gn +(1- 8, b ) L fn
P fn

Op,br
2pwgn

AiiGy (i, Yy ke B) + A i1 G (Yigr, Y5, k2, B)
6 i
Ay

+ Ai,iflG (yz 17y27kz>E)

and

A G (yi, Vi ko B) + A i1 G (Yig1, Yo k2, E)

+ Allfle (yiflv y;7 kZa E) = EZ(?JM E)G;lz (yla y7l,7 kZ? E)
where
h2k2 h2
AzL_E_iz_i_E’ 4 b i7kzaE
i~ g~ )~ Bk )
and
h2
A1 = +—m—.
= +2m§Ay2

The contact self-energies are

R2\?

:L,C(ylakmE) = <2m"Ay2) gs (k= E)
Rz \?

Z:L,c(yN,kzaE) = <WAy2> 9a(k:, E)

SncW k., E) = oW, k=, E)) [5(E)
¥ olyn ko, E) = —ZZIIH(En,c(Z/N,kmE))fd(E)
Sn e ke, B) =20 (25, o(y1, k=, B)) [1 = f5(E)]
S o(yn, ko, B) =i2Im (3, o (yn, k=, E)) [1 = fa(E)]

—2Im (
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where y; an yy are the leftmost (source-end) and rightmost
(drain-end) grid points, respectively, gs(k., E) and gq4(k., E)
are the surface Green’s functions of the source and drain leads,
respectively, and f; and f, are the Fermi functions in the source
and drain contacts, respectively.

The electron and current densities are

nn(yivkzaE) = *Z.G:(yiayiakzaE)
Tn(yi, E)—EL[C%(- i1, ks, E)
n\Yi, Kz, - th;}AyQ n Yi, Yir1, Rz,

- GT<L(yi+17yi7kZaE):| .

The total electron (n) and current densities at grid point y;
are given by

:Xn:nn(yi)
:42%/ o ] B et B

m”’/ /

J i =4 E uEsz

(i) 2 th (Y )
(24)

where the prefactor of four in the above two equations accounts
for two fold spin and valley degeneracies. n,(y;) is the elec-
tron density (n) in subband 7 (subscript) at location y;. The
nonequilibrium electron and current densities are calculated in
both the channel and extension regions using the algorithm for
G~ presented in [15]. Finally, solving the 1-D Green’s function
equation gives us only an electron density per unit length. This
electron density per unit length is transformed to a 2-D electron
density, which will form an input to the solved 2-D Poisson’s
equation, is taken to be [using (21) and (24)]

n(zi, yi

) = Znn(yz) \‘I’n(xi7yi)|2-

A. Numerical Results

The equations presented above are applied to study the
role of electron—phonon scattering in DGMOSFETs. As the
channel length scales down and becomes comparable to
the electron—phonon mean free path, transport in the channel
transitions from diffusive to ballistic. This transition poses a
question on the relative importance of scattering at various
locations along the channel of nanotransistors: Is scattering near
the source injection barrier significantly more important than
scattering near the drain-end of the channel? Our simulations
[12] established that, when the channel length is comparable to
the scattering length, electron—phonon scattering in the drain-
end of the channel causes a reduction in drive current that
is comparable to the reduction caused by scattering near the
source-end of the channel.

We consider the Purdue-10 device, which has a channel
length of 10 nm [18]. The body thickness (t.,) is 1.5 nm.
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(a) and from —12.5 to 4+-12.5 nm in (b) (with permission from [12]).

The quantized energy levels in the channel due to the quanti-
zation perpendicular to the gate [z-direction in Fig. 2(b)] are

n2mw2h?

E,=——. (25)
2mt?,

When ¢y, is small, the energy level separation is large, and a
very few subbands are occupied in the highly doped extension
regions. The lowest three quantized energy levels (25) are
at 173, 691, and 891 meV above the bulk conduction band.
The Fermi energy at the contact doping of 10%° cm™3 for the
Purdue-10 device is 60 meV above the bulk conduction band.
As a result, electrons are injected only into one subband from
the source-end at the operating voltage of V; =V, = 0.6 V.
This justifies the use of the mode space approach.

While tunneling from the source to the drain and
electron—phonon scattering are included, gate tunneling is ne-
glected. The mean free path for electron—phonon scattering
is approximately 11 nm. The channel is from —5 to +5 nm,
and the peak of the source injection barrier for this device is
at —4 nm.

We start with the ballistic (no electron—phonon scattering)
limit and perform simulations by moving the “right boundary
for scattering” from the source-end to the drain-end of the de-
vice. [12] The deformation potential is set to zero in the region
to the right of the “right boundary for scattering.” The ballistic
current is 1.9 mA /um [Fig. 6(a)]. The current in the presence
of scattering from the source injection barrier to the right end
of the channel (+5 nm) is 1.55 mA/um. That is, including
only electron—phonon scattering makes this device with almost
equal channel and scattering lengths have a ballisticity of nearly
81%.2 As the right boundary of scattering moves toward the
drain-end, scattering in the right half of the channel causes
about 50% of the decrease in current. That is, scattering in
the right half of the channel is as important as scattering in
the left half of the channel. We also show the change in drive
current as a function of the right boundary of scattering, when

ZBallisticity is defined to be the ratio of current with scattering to ballistic
current, where both currents have been calculated using the NEGF method.

the mean free path is reduced to 2 nm. It is interesting to note
that, even for the shorter mean free path, scattering in the right
half of the channel causes a large reduction in drive current of

about 38%.
The reduction in the drive current as a function of the right

boundary of scattering is also shown for a device with a 25-nm
channel length in Fig. 6(b). The ballistic drive current for this
device is approximately 1.23 mA /um. When electron—phonon
scattering is included everywhere in the channel (scattering
length is 11 nm), the current decreases to approximately
0.71 mA/pm. This corresponds to a ballisticity of 68%. We
again see that, when the scattering length is 11 nm, the reduc-
tion in the drain current due to scattering in the right half of the
channel is appreciable. However, when the scattering length is
decreased to 2 nm (by artificially increasing the deformation
potentials), scattering in the right half of the channel causes
only a 14% of reduction in ballistic current. Our simulation
result in Fig. 6 clearly shows that the relative importance of
scattering in the drain-end, in causing a reduction in the drive
current from the ballistic limit, decreases as the channel length
becomes significantly longer than the mean free path. To un-
derstand the reason for this, we plot the current density flowing
per unit energy at various cross sections y from source to
drain (solid line) for the device with a 25-nm channel length in
Fig. 7. The current density is peaked above the source injection
barrier for both scattering lengths considered. However, for a
scattering length of 2 nm, the carrier density has relaxed to
lower energies near the drain-end of the channel [Fig. 7(b)].
The dotted lines correspond to the mean energy for current flow
as a function of y. Clearly, the mean energy for current flow
follows the potential profile in the bulk of the channel when
the scattering length is 2 nm. This indicates that the fraction
of carriers reflected in the drain-end which travel back to the
source injection barrier is smaller for a scattering length of
2 nm. As a result, scattering in the drain-end is relatively less
effective in decreasing the drive current when compared to
scattering in the source-end, as the ratio of channel to scattering
length becomes larger. The relative importance of drain-end
scattering in nanotransistors has also been verified using Monte
Carlo simulations [22], [23].
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Another issue we considered is the interplay of channel elec-
trostatics and electron—phonon scattering on the drive current.
‘We consider two devices identical to the Purdue-10 device, ex-
cept that now the two devices have oxide dielectric constants of
3.9 and 20 (high-x). The high-x device has a very small DIBL,
as shown in the inset in Fig. 8. The work function of the high-x
device is chosen to make the ballistic currents the same for
the two devices at Vp = Vi = 0.6 V. The ballisticity increases
with an increase in drain bias in Fig. 8 because there is a greater
probability that the velocity of carriers (in the drain-end) along
the transport direction will decrease after a scattering event so
as to force the electron into the drain. The reason for this is
the increasing density of states in the drain-end at energies
below the source injection barrier, with an increase in drain
bias. An interesting finding is that the better electrostatics of
the high-~ device prevents an efficient energetic relaxation of
carriers to the right of the source injection barrier. As a result,
the ballisticity is smaller for the high-~ device Fig. 8.

V. COMPUTATIONAL FLOWCHART,
PARALLELIZATION, AND EFFICIENCY

The flowchart of the computation is shown in Fig. 9 The
calculation starts with the initial guess for the electrostatic
potential profile ¢(®)(x;,y;), which is constructed by analyt-
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Current per unit energy at different cross sections for scattering lengths of (a) 11 and (b) 2 nm is shown using solid lines (with permission from [12]).

ical functions or from the potential of a nearby bias point.
In general, the calculation for one bias point involves two
simultaneous iterative processes: 1) Born iterations to find self-
consistent electron Green’s functions (7), (11), and (13) and
electron—phonon self-energies; and 2) Poisson’s iterations to
find the self-consistent electrostatic potential. The criterion for
convergence of the Born iterations is the conservation of current
at each cross section of the device. It is usually difficult and
not necessary to achieve convergence of Born iterations within
one Poisson’s iteration. The number of Born iterations N
is chosen so that the Born and Poisson’s iterations converge
simultaneously, while the electron—phonon self-energies are
stored and updated throughout the calculation.

After N, Born iterations, the quantum electron density ob-
tained is plugged into Poisson’s equation in order to solve for
electrostatic potential ¢. At the nth Poisson’s iteration, we need

to find the new value of the electrostatic potential ¢§”+1) =

(bl(-") + 6¢Z(-n). The update for electrostatic potential 6¢§”) is
found by solving

—V (v (3) ) + G200 — ¢

=V (v (67)) +a(Nai = ni = Nup). - (26)

The floating boundary conditions d¢/dy = 0 or fixed boundary
conditions are used in the contacts. The subscript ¢ means that
a quantity is taken at a grid point (z;,y;). In the equation
mentioned earlier, we neglected the hole density, which is
usually much smaller than the electron density in monopolar
devices.

In order to expedite Poisson’s convergence, we use a
predictor—corrector scheme, which is briefly described here.
First, quantum electron density and electrostatic potential are
used in a classical expression for electron density to find a
quasi-Fermi level everywhere in the device

AEq +qpi — E
ni = NoFi)2 ( kqf ﬁ) 27)
By = AFq + q¢i + kTF (:;) . (28)
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We then perform N, inner Poisson’s iterations with classical
predictor for electron density (27) and a Jacobian

on; _q
96~ kT <_

At the end, a new value of the conduction band edge AE; +

qd)EnH) is plugged back into the transport (4) and (10) in order
to find the quantum corrector for the electron density. This
procedure is repeated N, number of times until convergence of
the electrostatic potential and electron density is achieved. Such
a scheme makes Poisson’s iterations more stable and decreases
the number of times the quantum transport equations is solved.

AEg + qp; — Efi) (29)

kT

(a) Flow chart of the computational procedure. (b) Parallel deployment of calculations at different energies to various processors.

The operation count for one bias point is Npc - (Ng -
(M3 Niager) - Ny + Npp - (N?)), where the first term accounts
for the outer Poisson’s iterations, which require a solution
of quantum transport equations, and the second for the inner
Poisson’s iterations of the predictor—corrector scheme. Here,
the number of energy grid points N ~ 200 — 500, number of
spatial grid points N = M - Njayer ~ 1000 — 2000, the num-
ber of outer Poisson’s iterations V. ~ 7 — 10, the number of
inner Poisson’s iterations [V, ~ 3 — 5, and the number of Born
iterations Nb ~ 3 — 5.

In the core of the computational flowchart lies the solution
of the transport (4), (10), and (12) at Ng energy grid points
in order to obtain carrier density and current. This is the
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Fig. 10. Scaling efficiency of a single bias point calculation when the
NEGF-Poisson’s iteration is performed 16 times. The number of processors
used varies from 1 to 256.

most critical part because the errors in carrier density may
cause an oscillating or even divergent behavior of Poisson’s
iterations. In order to improve the integration of carrier density
and current, a nonlinear energy grid is usually constructed by
adding additional grid points near contact Fermi energies and
resonant levels in the device. Ultimately, it is the increase in
number of energy grid points Ng that makes the Poisson’s
iteration scheme converge. Since solving the equations at each
energy requires the same computational time, a parallelization
over N energy grid points is highly desirable. The results of
OpenMP parallelization on a Columbia supercomputer [24] are
shown in Fig. 10, where the scaling efficiency is defined as

Time(N
Efficiency(V cpus) = ime(V cpus)

=———-100
N - Time(1 cpu) %

(30)

is plotted versus the number of cpus. The scaling efficiency
stays above 80% on up to 128 cpus. The slow decrease is
partially due to the decrease of shared time taken by Poisson’s
equation. Additional parallelization of Poisson’s solver may
further improve the scaling efficiency. We note that MPI par-
allelization is also quite applicable.

VI. CHALLENGES AND OUTLOOK

We discussed the NEGF approach within the effective mass
Hamiltonian for silicon nanotransistors, as applied to 2-D and
1-D mode space simulators. The NEGF approach is, how-
ever, powerful enough to handle much more sophisticated
Hamiltonians based on tight binding and density function
theory approaches. Within the context of transistors, a 1-D
simulator based on a tight binding Hamiltonian for silicon
[25], carbon nanotubes [26], and molecules [27] has been
demonstrated with varying degrees of success. Furthermore, the
NEGF method can straightforwardly model Schottky barrier
tunneling (from metal to nanotube) [28]-[30] and band-to-
band tunneling in nanotube transistors, even in the presence
of electron—phonon interaction [5], [30]. These intrinsically
quantum mechanical features are accounted for without any
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extra effort. Furthermore, for someemerging nanomaterials, the
effective mass Hamiltonian has a limited validity, except per-
haps over a very small energy window close to the band bottom.
The NEGF approach has proved useful in rapidly evaluating the
current—voltage characteristics of experiments involving new
channel materials. It must be admitted that most of these studies
are based on performing ballistic simulations, which neglect the
effect of electron—phonon and electron—electron scatterings.

The biggest theoretical advantage of the NEGF ap-
proach in modeling nanotransistors is in its ability to in-
clude phase-breaking scattering processes/electron—phonon and
electron—electron interactions, in the presence of applied biases.
That is, it gives us a clear quantum mechanical method to
calculate the nonequilibrium electron density and is a unified
approach in handling ballistic transport, tunneling, and scatter-
ing (electron—phonon) by solving the equations for G", G<,
and G~. However, here, the NEGF approach is prohibitively
expensive (operation count wise) in simulations involving more
than 1-D models of transistors [12].

Semiclassical approaches to modeling nanotransistors also
include quantum effects as a correction. These approaches
are the density gradient (DG) [6], [7], quantum potential
[8], and the quantum corrected-Monte Carlo (qc-MC) [31]
methods. There have been benchmarking comparisons between
our NEGF nanotransistor simulations and the DG method. The
parameters used in the DG method were obtained by fitting to
our quantum mechanically calculated electron density versus
position. The results for the obtained current—voltage character-
istics qualitatively agreed with the NEGF results, with a much
better match in the subthreshold regime. The main difference
between the NEGF and DG approaches is in prediction of
ON currents, where the NEGF method is better in estimating
the quasi-ballistic current. The agreement in the subthreshold
regime, even for devices with channel lengths as small as
10 nm, is quite remarkable [9], especially given that the DG ap-
proach is orders of magnitude faster than the NEGF approach.
More recently, there has been a comparison of qc-MC and the
NEGF method in determining the role of scattering in nanoscale
DGMOSFETs. The qc-MC approach accounts for quantization
of energy levels in the body of the DGMOSFET [22]. These
comparisons show that the qc-MC method agrees well with
the NEGF approach, especially in determining the ON current.
The MC approach, like the NEGF approach, can fully handle
ballistic effects. The importance of drain-end electron—phonon
scattering in quasi-ballistic nanotransistors is also captured by
the qc-MC approach [22]. Currently, the MC approaches are
superior in their ability to include anisotropic scattering due to
charged impurities and electron—electron scattering. This is a
subject that requires further attention by NEGF modelers. The
agreement between the NEGF and qc-MC in the subthreshold
region is less spectacular, probably because the MC approach
is not particularly well suited in determining the OFF current. In
comparison to the qc-MC approach, the benefit of the NEGF
approach, so far, has been the ease with which tunneling is
included, as demonstrated in Section III-A, and in transistors
involving band-to-band and Schottky barrier tunneling.

Clearly, a single computational approach in accurately mod-
eling the device physics of all varieties of nanotransistors has
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not yet emerged. The drawbacks of the DG, quantum potential,
and qc-MC methods are that they can all accurately capture
only certain elements in the device physics of nanotransistors.
The NEGF method, while not having any fundamental draw-
backs, is in need of a major improvement from a computational
viewpoint. We discuss some of the important needs here.

1) The first need is about the operation count required for
the computation of electron and current densities for the
block tridiagonal forms of the App matrix that is defined
in Section II. Calculation of the electron density only
requires the diagonal elements of G< (9). However, all
1-, 2-, and 3-D ballistic simulations that we are aware
of use the algorithm in [15], which is slow because
it computes the diagonal blocks of G<. Similarly, the
calculation of the current density flowing between layers
j and 7+ 1 (see Fig. 2) requires only those elements
of ij 41 connecting grid points in layers j and j + 1.
The current flowing between layers j and j + 1 (Fig. 2)

can be obtained only from the N, elements Gy, 1 (4, 7).

However, our current algorithm [15] calculates all N2
elements of G;;, 1, which has an operation count that
scales as N2"N,Ng. The memory requirement of this
algorithm is 5-7 N2ZN,. New methods that decrease
the operation count to calculate the electron and current
density by anywhere from N, to N2 will have a huge
impact on modeling nanotransistors. We emphasize that
a mere mathematical scaling with N, that is better than
N27N, N with large multiplicative prefactors or requir-
ing large memory (larger than the RAM) are not useful.
The second drawback is the need to include a more com-
plete model for gate tunneling and scattering processes
involving electron-impurity and electron—phonon and
electron—electron interactions. All nanotransistor simu-
lations, so far, only assume scattering processes in the
isotropic limit. This assumption simplifies the form of
the App matrix because only the diagonal elements of
the self-energies entering the App matrix are nonzero.
Similarly, off-diagonal elements of self-energy due to the
gate that link layers j and j' far away from each other are
nonzero. However, we set all self-energy elements, other
than the first off diagonal elements, to zero so as to keep
the App matrix block tridiagonal.

The third area that needs further development is the
need to model the effect of dopant atom fluctuations in
nanotransistors. This is an important area of research,
where modeling can help quantify threshold voltage fluc-
tuations as channel lengths and gate/drain voltages be-
come smaller [2]. There has been some limited progress
here using extremely narrow cross section nanotransistors
based on carbon nanotubes [32] or silicon nanowires [33].
However, progress in the case of large cross-sectional
area devices is difficult. This is because a 2-D model will
not capture the effect of discrete dopant atoms, while a
3-D model is difficult for computational reasons.

The fourth area where the NEGF method needs fur-
ther development is transient modeling of nanotran-
sistor switching. Solving the time-independent NEGF

2)

3)

4)
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equations for steady state current—voltage characteristics
will suffice for quasi-static analysis. Exploring the high-
frequency limits will require solving the time-dependent
NEGF equations, which is an unexplored area.

Finally, in modeling electron transport using the NEGF
approach, it is usually assumed that the phonons
are in thermal equilibrium. In the presence of elec-
tron transport, the phonon distribution will deviate
from the Bose—FEinstein factor if phonons emitted (by
electron—phonon interaction) do not efficiently dissipate
to the bulk contacts or substrate. Recent work has ad-
dressed this issue by self-consistently solving for both the
nonequilibrium electron and phonon distributions using
coupled Boltzmann transport equations for both electrons
and phonons [34]-[37]. In a similar way, a potential
direction for future work is the self-consistent calculation
of both the electron and phonon correlation/distribution
functions that are calculated using the NEGF method.

5)
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