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ABSTRACT

A program to numerically ssmulate quantum transport in double gate MOSFETS is
described. The program uses a Green’s function approach and a simple treatment of
scattering based on the idea of so-called Blittiker probes. The double gate device geometry
permits an efficient mode space approach that dramatically lowers the computational
burden and permits use as a design tool. Also implemented for comparison are a ballistic
solution of the Boltzmann Transport Equation and the drift-diffusion approaches. The
program is described and some examples of the use of nanoMOS for 10nm double gate
MOSFETS are presented.

|. INTRODUCION

As MOSFET channel lengths rapidly shrink below 100nm, current research focuses on
understanding device physics and ultimate scaling limits as well as the practical issues that need
to be addressed to achieve channel lengths at the 10nm scale [Fra98, Kno02, Ren00, Ren01].
Computational studies can help address these issues, but the methods commonly used in
computer-aided design tools do not include (or do so only phenomenologically) important
guantum mechanical effects. What is needed is a full quantum transport model — one that
describes quantum phenomena (especially confinement and tunneling) as well as phase
randomizing scattering. Computational efficiency is necessary to permit use for engineering
design and to explore numerous design options. It would be useful for such a program to be
based on an approach that can be extended to non-conventional devices, such as carbon nanotube
FETs [Bac01, Der01, McEO02] and other molecular transistors. In this paper we describe such a

computer simulation tool, nanoM0OS2.0.
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The program, nanoMOS, uses the non-equilibrium Green’s function (NEGF) approach,
which provides a rigorous description of quantum transport and interactions that randomize
phase [Lak92]. The method has been developed into a practical tool for simulating one-
dimensional resonant tunneling diodes [Jpl02], and more recently, it has been extended to two-
dimensional bulk MOSFETs [Jov00, Svi00, Svi01]. It is also now widely used to explore
conduction at the mesoscopic [Dat97] and molecular scales [Tia98]. In comparison to
phenomenological quantum approaches [Raf98, Shi00], the Green’s function method offers the
advantage of rigor, but the cost can be a heavy computational burden. The simple geometry of
the fully-depleted SOI MOSFET (single or double gate) reduces this computational burden. It
also permits the use of a mode space approach that, while not suitable for bulk MOSFETS,

dramatically lowers the computational time for ultra-thin-body SOl MOSFETSs [Ven02].

For ballistic transport, the NEGF formalism is equivalent to solving the Schrédinger
equation, but the NEGF formalism is readily extendible to two-and three-dimensions or to the
use of molecular orbitals. It also provides a clear prescription for treating large contacts attached
to an intrinsic device. The NEGF formalism offers a sound conceptual basis upon which
additional physics (such as scattering) can be included as needed. See [Dat00, Pau02] for a
tutorial introduction to the NEGF method and [Dam02] for an example of its application to

conduction in molecules.

This paper describes nanoM0S2.0, a simulation program that uses the NEGF approach to
simulate fully-depleted, nanoscale, SOl MOSFETSs. It beginsin Sec. Il with a description of the
methods focusing on the mode space approach. Section 111 discusses some questions relating to
the numerical implementation. In Sec. IV, we describe a phenomenological treatment of

scattering, and in Sec. V some results are presented.

[1. APPROACH

In this section, we describe the approach used in nanoMOS from a wavefunction perspective,
because ultra-thin body DG MOSFETS can be treated by a 1D approach, and for 1D quantum
transport with the simple scattering model currently implemented in nanoMOS, the wavefunction
and NEGF approaches are equivalent. We use a wavefunction description because it is more

familiar to readers of this journal, but in the appendix, we translate the key equations into the
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language of the NEGF formalism. Readers are referred to a tutoria introduction [Dat0Q] or to

standard references [Kel65, Lan76] for a more extensive discussion of the NEGF approach.

Figure 1 sketches the double gate MOSFET geometry that we assume; we seek a solution for
the intrinsic device only. Because we assume that the device is wide in the y-direction, the

wavefunction can be written as ¢/(X,Y,z) = P(X,2) eikyy/ Jw , Where ®(x,2) isobtained from

27:;; ézq;f(’z(’z) - 2’?; : ézq;(zi(’ 2 4 E.(x2)D(x2) = E-E Jox2=Eo(x2. @

pA

where E, isthe longitudinal energy. One could directly discretize eg. (1) in real space, which is
often necessary, but it imposes a heavy computational burden [Ven02]. For thin body, SOI
MOSFETSs, however, quantum confinement in the z-direction introduces subbands, and for athin
body, only a few subbands are occupied. Accordingly, we expand the wavefunction in an

orthonormal basis as[Ven02],

D(x,2) = ) Ax— X)W (X,2) @ (X). (2)

where W (x,z) are the eigenfunctions (modes) associated with confinement in the z-direction as

defined in Fig. 1. These eigenfunctions and the associated eigenenergies are obtained by solving

aone-dimensional wave equation in the z-direction at each vertical slice a x,

h? 6°W (X,2)
2m, of

4

+Ec(x.9 ¥, (%2 = E(X)¥(x,2) 3)

The energy, E_(X), represents the bottom of subband, m, which varies with position, x, along the
channel. The envelope wavefunctions are assumed to be zero at the oxide/Si interfaces if electron
penetration into the oxide regions is neglected (otherwise, the zero boundary is extended to the

gate contact/oxide interfaces).

Manuscript for the special issue of TED 3



By using the orthonormal basis of eg. (2), we can transform eg. (1) to a mode-space basis.
By retaining only a few occupied modes, the computational burden can be significantly reduced
compared to a direct discretization in a two-dimensiona real space [Dam00]. The geometry of
the double gate MOSFET offers yet another simplification. If we assume that the shape of the
confined mode does not change dong x, i.e. 6W¥, (x,2)/ox =0

then eg. (2) becomes [Ren01a, Ven02]

n® 6%, (X
o+ E,000,00= (B, a0 = Eg0. @
where ¢ (x)is the expansion coefficient of ®(x,z) with respect to the mode-space eigenvector,

W (x,2).

Equation (4) is the decoupled mode space transformation of eg. (1); the key assumption is
that the shape of the mode does not change rapidly aong x. Although the potential, E.(x,2),
varies from source to drain, the largest variation is with position, x. For athin body, the shape of
the mode (i.e. its z-dependence) changes slowly along the channel. A careful comparison of the
decoupled approach with a direct, real-space discretization shows that the decoupled approach
produces results that are essentially identical to the exact solution for body thicknesses of up to at
least 5 nm [Ven02]. There are, however, conditions for which this the decoupled approach fails
[Ven02]. One example is the transition from the flared out contact to the ultra-thin channel
(whichis not treated in nanoM OS), and another is the bulk MOSFET.

Equation (4) is a 1D wave equation that greatly reduces the size of the 2D problem. In the
ballistic limit, each mode (subband) can be treated separately. Each transverse mode is aso
independent, because we assumed there is no potential variation in the y-direction. In this 1D

equation, instead of the bottom of the conduction band, E. (X, z), we have the bottom of the
relevant subband, E_(x), which is determined by a solution to eg. (3) in the confinement
direction. (Accordingly, when we plot energy band diagrams, we will plot E_(x) rather than the
bottom of the conduction band, E.(x,z)). We also see from eq. (4) that the relevant energy for
the 1D problem is not the total energy, E, but the longitudinal energy, E,.
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Because the decoupled mode space solution reduces the problem to a set of 1D problems, one
for each subband and transverse energy, the solution procedure is much like that of a true 1D
problem. Figure 2 is a sketch of the subband energy versus position for one subband. Semi-
infinite contacts are attached to the device at the source and drain ends. Because the potential in
the contacts is assumed to be uniform, the solutions in the semi-infinite contacts are plane waves.
If a unit amplitude wave is injected from the left (source) contact, then some portion reflects

from the device and some transmits across and exits the perfectly absorbing right (drain) contact,

@.(x) :%e"&x +% e x<0 (5a)
and
¢.(x)=t e**, x> L (5b)

where L isan arbitrary normalization length.

By solving eg. (4) subject to the boundary conditions, egns. (5a) and (5b), we find the
wavefunction due to the injection of a unit amplitude wave from the source. The corresponding
electron density vs. position for confined mode, m, is obtained by summing the contribution for

each transverse mode,
1 (1 ) 0
n"(x) =— x, k) f(E: —E), 6
1( ) W y Szgkom( x)| ( F )E ( )

where ky refers to the x-component of the wavevector of an electron with energy, E, in the source
contact and the subscript, 1, refers to injection from the first (left or source) contact. The
probability that the state at energy, E, in the contact is occupied is give by a Fermi function

because we assume that scattering maintains thermal equilibrium in the contacts.
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Since the width in the transverse direction, W, is assumed to be large, we can convert the
sum over transverse states to an integral over the transverse energy. We can aso convert the
sum over the injected ki states to an integral over longitudinal energy. The integral over
transverse energy can be done analytically and the final result expressed as [Ren0O14]

(0 = [ (x E, ), (73

where we let the top of the band approach infinity and

2m kT | .
”(XE)-%\/m FarEe -E )= (7_; =F(E: - e)—A‘l(;’T"X), (7b)

with

A'(%E,) _na dk,
onr  BrdE

g (X, )|25, ®)

being the local density of states due to injection from the source (includes spin degeneracy). In
eg. (7b) £, is the Fermi-Dirac integral of order —1/2 [Bla82] and F is the Fermi function
integrated over the transverse energy. To find the total electron density within the device, we
sum the contributions from each subband and valley and include the contribution due to injection

from the drain,

Am(x E )D

() =N +n,(x) =5 WSZ(E —E)uH:(E o —E )=~ ©)

m

where A /271 is the local density of states due to injection from the drain, which is computed

from the wavefunction with boundary conditions analogous to egs. (5a) and (5b).

To obtain the current due to injection from the source, we evauate
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_a<l 1-2 —E)- —E-
W Ly T O ELE B - f(E -E-av)], (10

where T'is the current transmission coefficient from contact 1 to contact 2 for electrons in

subband, m. The sums can be converted to integrals and the integral over transverse energy

performed analytically to find
I, :Ilm(E[)dEi : (11a)
0
where
_29 1o ey _E -
W(E) =T (E)IF (B ~E,) - F(E: ~ E, -qV;)], (11b)

and F is the Fermi function integrated over transverse energy. The total current is obtained by

summing the contributions from each subband and valley.

Finally, the current transmission coefficient for mode, m, T**(E,) is

Tr:_z(Eg) — Iltrans :1_|rm|2’ (12)

inc

which, from eq. (5a) can be expressed in terms of the computed wavefunction as

TY2(E,) =1-|g,(0) -1". (13)
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[11. NUMERICAL SOLUTION
A. Solving for the wavefunction

To evaluate the expression for the electron density and current in the previous section, the
wavefunction within the device must be known. In the confinement direction, eg. (3) is a
standard eigenvalue problem solved by finite differences. In the longitudinal direction, we
discretize eq. (4) on afinite difference grid imposing the boundary conditions, egs. (5a) and (5b),
tofind

[EI _H_zl_zz]d):i'h! (14)
where H isthe N x N discretized Hamiltonian operator,

Hi, = —toliy; +2t¢ — 1ol (15)

L]
with an on-site energy of

hZ
“2ma’’

% (16)

for afinite difference grid with node spacing, a. The N x N “self-energy” matrices, £, and X,

account for the open boundary conditions [eqgns. (5a) and (5b)] and are

z,0,))= _toeikxxal,j (17a)

20,))= —toeik*"JNYj . (17b)

The N x 1 vector, vy, is a source term accounting for injection from the left contact (source). It

has only one non-zero component, the first
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v®=i[z,0D-5ay]=2t,snka=nu(k ) a. (18)

For injection from the drain, we use boundary conditions analogous to egs. (5a) and (5b), and the

corresponding y,vector has a non-zero component in position, N.

The solution to egn. (14) gives the value of the wavefunction, ¢, at each of the N finite difference

nodes. Theformal solutionis

¢=iGy, (19)
where

G=[El-H-%,-5,]" (20)

is the retarded Green’s function in a discrete basis. Because the matrix in eq. (14) is tridiagonal,
it can be efficiently solved by Gaussian elimination; the carrier density and current are then
evaluated from the computed wavefunctions. Alternatively, as shown in the appendix, we can
express all of the results in terms of the N x N retarded Green’s function. For this simple, 1D
problem, the Green’s function approach may appear to be a complicated way to solve a simple
problem. The advantage of the NEGF formalism become apparent when extensions to two and
three-dimensions are contemplated, when an atomic basis is essential, or when a rigorous

treatment of scattering is necessary.

B. Poisson’s equation
The program, nanoM OS, computes a self-consistent solution to a quantum transport equation and

Poisson’s equation,
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03V (x, z)=g[n(x, z)—(N,; —N;\)]. (21)

Equation (7) gives the electron density per unit area within the device; to convert it to a density
per unit volume, it is distributed in the z-direction according to the computed eigenfunction in the
confinement direction. Direct use of eg. (21) leads to Slow convergence. Instead, we solve a
nonlinear Poisson equation. The electron density evaluated from the wavefunction can be related

to aquasi-Fermi level by
n(X’ Z) =Njp FlIZ[Fn(X! z) -V (X, Z)]’ (22)

where Nzp is the three-dimensional effective density-of-states, and the function, Fi5, is the
Fermi-Dirac integral of order 1/2. We regard eqg. (22) as a mathematical change of variablesto a
quantity, F,, whose physica significance under off-equilibrium conditions is unclear, but
unimportant. When eqg. (22) isinserted into eg. (21), anonlinear Poisson equation results. After
computing n(x, z) from the quantum transport model, a corresponding F.(X, 2) is computed from
eq. (22). This *quasi-Fermi level” is used in a nonlinear Poisson equation that is obtained by
inserting eq. (22) in eq. (21) and solved by Newton’s method. The advantage of this approach is
that it builds a negative feedback into the iterative process. If the potential increases (conduction
band decreases) during the Poission solution, the subsequent transport solution will increase n(x,
2) as carriers flow to regions of lower energy. This coupling is built into the Poisson equation
when eq. (22) is used. The approach has proven effective in previous quantum and semiclassical

transport simulations [Cah87, Ven89] and proved similarly effective here.
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C. Boundary conditions

Boundary conditions must be specified for both the transport equation and for Poisson’s
equation. For Poisson’s equation, the boundary conditions at the gate electrodes (Dirichlet) and
at the oxide/air interfaces (Neumann) are standard. Boundary conditions at the interface between
the S/D extensions and the flared out contacts are also needed. A more complete solution would
include the flared out region to explore the resistive drops that may occurs at the wide/narrow
transition. In this work, we seek simple, upper limit boundary conditions that define our “ideal”

contacts.

External to the intrinsic device being simulated, we assume large source and drain contacts
where scattering maintains thermal equilibrium. We solve the wave equation assuming a unit
amplitude injected wave, then weight by the Fermi function of the appropriate contact. The
Fermi levels in the expressions presented in Sec. Il refer to the Fermi levels in the equilibrium
source and drain contacts that are external to the region being simulated. The self-energy
matrices are expressed in terms of the wavevector, ks, in the contact from which the electrons

are injected. For a uniform contact with simple bands,

n’k?

E(k)=—, 23a
(k)=> (232)
but the discrete grid modifies this relation to

E(k)=2t, (L- coska), (23b)

where a is the grid spacing. The two expressions are equal when E <<4t,. Care must be taken
to ensure that the maximum energy used is well below the top of the band so that eq. (23b)
approximates eg. (23a). It should also be recognized that the maximum energy that can be safely
used depends on the grid spacing, a.

For ballistic transport, the boundary conditions on Poisson’s equation must be carefully

specified. Figure 3 is a sketch of a generic subband profile from the source to the drain. Under
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low gate bias and high drain bias, the source-to-channel barrier is high. Therefore most electrons
injected from the source (empty circles in Fig. 3) reflect from the source to channel potential
barrier, and both positive and negative velocity states are occupied in the n* source extension as
a result of source injection. Under high gate and drain bias, however, fewer electrons are
reflected from the barrier, and the electron density in the n* source extension decreases (there is
very little contribution to the overall electron concentration at the source end due to drain side
injection as the drain voltage is high). If the potential at the source contact is fixed, space-charge
neutrality cannot be maintained. (Note that the location is the Fermi level is fixed by the large,
thermal equilibrium source reservoir.) To maintain space-charge neutrality in the source/drain

(S/D) extensions, we allow the contact potential to float by specifying

dv (x, z) -0 (24)
dx

at the idealized source and drain contacts. This boundary condition causes the potentia at the
source end to float down, thus allowing more carriers to enter into the device from the source
reservoir. This ensures that space-charge neutrality is maintained at the source end irrespective of
the biasing condition. The floating boundary condition eliminates the need to resolve the
potentia at the point where the thin body couples to the large S/D. It represents an idea upper
limit contact. In practice, the transition from the flared out S/D to the ultra-thin intrinsic device
could introduce quantum mechanical parasitic resistances that are not treated within nanoMOS.

The validity of this approach is supported by the results that will be shownin Sec. V.

D. Solution Procedure

The solution procedure is summarized in Fig. 4; it consists of the following steps:
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1) An initial guess for the 2D electrostatic potential is defined. (We use a drift-diffusion
simulation as our initial guess.)

2) For each position, x, aong the channel, eq. (3) is solved to find the eigenfunctions and
eigenenergies versus position. A grid spacing of a = 3A in the x-direction is typical.

3) A grid in longitudinal energy is defined (with a typical grid spacing of 0.5 meV) and eq.
(4) is solved to find the wavefunction due to injection of a unit amplitude wave at
longitudinal energy, E,, from both the source and drain contacts. The electron density
for each mode is evaluated from eq. (7b). This step is repeated for each longitudinal
energy in the grid and for each occupied confined mode (as set by the user). The total
carrier density is obtained by summing the contributions from each longitudinal energy,
confined mode, and valley as in eq. (9).

4) The nonlinear Poisson equation is solved to update the electrostatic potential. The
maximum change in potential is compared to the convergence criteria, and the process
continues until convergence is achieved. The minimum change in potential that can be
achieved is essentially the spacing in the energy grid.

5) After convergence is achieved, the transmission coefficient and current at each energy are
evaluated from eq. (13). The contributions from each energy are summed to find the total
current from eq. (11). The process is repeated for each mode, and the results summed to
compute the total current.

Although we have described the solution process from a wavefunction perspective, the actual
equations solved in nanoMOS are expressed in the Green’s function formalism as described in

the appendix.

IV. TREATMENT OF SCATTERING

The NEGF formalism provides a prescription for including scattering, but scattering greatly
increases the computational burden because it couples the longitudinal and transverse energies.
Instead of treating transverse modes as independent and integrating over them analytically, we
need a grid in transverse energy too. And instead of treating each longitudinal energy
independently, they must be coupled. Scattering has been treated rigorously in NEGF
simulations of MOSFETSs [Svi02, Ven02a], but the resulting computational burden limits the use

of such simulations. The advantage of the NEGF approach lies in its ability to treat quantum
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transport using a atomic level Hamiltonian, if necessary, but we also need a simple way to

capture the main effects of scattering.

We treat scattering in a way that is analogous to the well-known relaxation time approximation
to the collision operator for the Boltzmann equation,

gr=—{=f) T & (25)

which describes carriers out-scattering from a state at arate, 1/t1, and in-scattering from a thermal
equilibrium distribution. (Under non-equilibrium conditions, the magnitude of the in-scattering
rate is adjusted to preserve current continuity.) An analogous treatment for the wave equation
can be implemented with an idea due to Buttiker [But86]. As shown in Fig. 5, we conceptually
attach a floating contact to each node. Carriers are removed from the device and injected into the
floating contact where they are thermalized and re-injected into the device.

In nanoMOS, out-scattering is treated phenomenologically by adding an imaginary potential
to the Schrodinger equation [Dat00]

>.(i,j) =in, (26)

which works if one sets 7 to zero below the band edge so that tunnel currents are not

unphysically enhanced. When scattering is present, the retarded Green’s function in eq. (20)
becomes

G=[El-H-%,-3,-5,]". (27)

Equation (26) does a reasonable job of describing scattering in MOSFETS if the scattering
strength is calibrated to an appropriate mobility. The diagonal self-energy results because the

scattering potential is assumed to be a &-function at each node.
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We have described the process of out-scattering electrons to a probe where they are
thermalized. The next step is to re-inject them into the device. Following the prescription for

filling states from the two real contacts, eqg. (9), we have

(X, E,) = ny(X) +ny(X) + ne(X)

= F(E. -E,) m( )+F(E ~qV, -E,) m( ), +F(E, -E,) = S(XE) (28)

The spectral density, A.(x,E,), gives the local density-of-states everywhere along the channel
due to injection at from the probe located at x = xs. We have assumed a single scatterer at xs
with a Fermi level, Es, but in practice, probes are placed at each node and each one has a
different Fermi level. The electron density at x; due to injection from all reservoirs (the source

and drain contacts as well as the floating probes used to introduce scattering) is
_ A (x.,E/)
n_(x,E —EFEH—E — 1 e 29
m(X1 1?) 4 (F 1?) 2 ( )

where the sum runs over all the reservoirs, each with its own Fermi level. The source and drain
Fermi levels are fixed by the applied source-drain bias; the Fermi level of each probe is
determined by requiring that current is conserved. The current in subband, m, at reservoir, kK, is

given by an expression analogous to eg. (11b),

(BN =S T EIF(En - E) - F (B )] (30)

where the sum over | isover the remaining reservoirs. The transmission coefficient between any
two reservoirs is computed in a manned analogous to eq. (12). The source and drain contacts
carry current, but the Blttiker probes do not, so for Blittiker probe, k

[1n(EJE, =0. (31)
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Equation (31) gives a set of constraints on the Fermi levels of each probe. This set of
constraining equations is solved iteratively for the Fermi level of the probe [RenOlal. The
resulting position dependent Fermi level behaves in much the same way as the quasi-Fermi level

in conventional semiconductor theory.

V. RESULTS

Several studies of nanoscale MOSFET device physics and design issues that make use of
nanoMOS simulations have already been published [Ren00, RenOla, RenOlb, Lun02]. Our
purpose in this section is to present some simulation results that illustrate the capabilities of the
program. The simulated device (recall Fig. 1) is an idealized structure for which we do not treat
the flared-out S/D contacts that would be present in an actual device. The n-type source and
drain regions are doped at 2 x 10 cm?, the channel is intrinsic, and the S/D junctions are
abrupt. No gate-to-S/D overlap is assumed. The oxide thickness is 1.0nm for both top and
bottom gates, and the silicon film thickness is 3.0 nm. The gate workfunction was set to 4.22 eV
in order to produce an off-current of ~ 10puA/um, consistent with the 2016 node of the
International Technology Roadmap for Semiconductors [ITRO1]. A power supply of Vpp = 0.4V

was used.

Figure 6 is aplot of the first two subband minimavs. position in the on-state. Also shown is
aplot of the conduction band minimum vs. position. Note that the conduction band variesin two
dimensions (in the x-direction along the channel from the source to the drain as well in the z-
direction across the thickness of the silicon body). The subband minima, however, are
determined by solving the Schrodinger equation in the z direction, and they vary only in the x-
direction. This uncoupled mode space approach is what allows us to treat transport in each

subband with a 1D Green’s function approach.

Figure 7, a plot of the electron density within the device under on-state conditions, shows the
quantum confinement of carriers in the z-direction. The profile varies approximately as sin’(z) in
the S/D regions, which indicates that most electrons reside in the first subband (primed and

compared

unprimed). Classical Boltzmann and NEGF simulations are in Fig. 8, which shows the
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integrated electron density (per cm?) vs. position in the off-state (Vas = 0, Vps = 0.4V). As
expected, quantum mechanica tunneling into the source-channel barrier increases the carrier
density in the channel. A careful examination of the figure also reveals that the quantum
mechanical carrier density just outside the channel is dlightly reduced, an effect first observed by
Willander [Wil98]. Figure 9 compares the Log(lp) vs. Vs characteristics from ballistic quantum
and classical nanoMOS simulations. As expected, quantum mechanica tunneling increases the
off-current, but note that it also decreases the on-current. As discussed by Ren [Ren00], this
occurs because MOS el ectrostatics demands a certain charge at the top of the barrier, but for the
guantum simulation, some of the charge arises from carrier tunneling under the barrier, which
reduces their velocity. The classical and quantum mechanical ballistic common source
characteristics are compared in Fig. 10a. Note that the term classical or quantum refers to the
treatment of transport along the channel (the x-direction). Because we use a mode space
approach for the zdirection, the effect of quantum confinement on the threshold voltage is
included in both simulations. Figure 10a shows that even for a 10nm channel length, MOSFETs
are expected to behave classically. Quantum mechanics increases the threshold voltage and
decreases the on-current at a given threshold voltage, but no quantum oscillations are observed.
In Fig 10b., we compare the common source characteristics with and without scattering. The
Biittiker probe strength has been adjusted to obtain a low field mobility of 50 cm%V-s in the
heavily doped source drain regions. In the channel, a doping dependent mobility model is used to
adjust the probe self-energy. It is clear from Fig 10b that the on-current is significantly reduced

due to scattering in the heavily doped S/D extensions.

The ballistic on-state source to drain transmission coefficient vs. energy is plotted in Fig. 11.
Recall that there is a set of ellipsoids with their longitudinal effective mass oriented along the
confinement direction, which gives rise to the so-called unprimed series of subbands. Two more
sets of ellipsoids have their transverse effective masses oriented along the confinement direction
and give rise to the primed series of subbands. The location of the first unprimed subband
minimum is indicated with a dashed line in Fig. 11, and the location of the first primed subband
minimum is indicated with a dash-dot line. The transmission coefficient begins to increase
below the first subband because of tunneling then smoothly approached unity (for each of the

two valleys) above the subband minimum. For higher energies, the transmission coefficient
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increases again. At high energies, the transmission coefficient approaches three, because it is

one for each of the three sets of valleys. (valley degeneracy is not accounted for in Fig. 11)

It is instructive to look at the floating boundary conditions more closely. To explain the
floating boundary condition, we modify our idealized 3nm body DG MOSFET structure by
appending heavily doped (5 x 10%° cm™®) n** regions to the left and right ends of the device. The
profile of the first subband from the source to the drain, for the modified device structure under a
high drain bias and for a high and low gate biasis (Vs = 0.6 and OV, Vps = 0.6V) is shown in
Fig. 12a. The presence of the heavily doped n** regions, creates a large potential barrier for
electrons injected from the source and drain contacts. This barrier gives rise to strong reflections,
which maintain a near equilibrium distribution in the n* regions even when a large bias is
applied to the drain and gate. Therefore, a fixed potential boundary condition based on charge
neutrality can be used when solving Poisson’s equation for this modified device. Then®™ regions

maintain anear equilibrium distribution even under bias.

On examining the subband profile (Fig. 12a) of the modified device a high gate bias, it is
clear that the subband is unchanged in the heavily doped n** regions, but floats to a lower value
in the n® source region of the intrinsic device. This observation can be explained by examining
Fig 3. At low gate biases, both the positive and the negative halves of the distribution in the n*
source are predominantly filled by the source Fermi level. When the gate bias is increased to
higher and higher values, the number of source injected electrons reflected off the source-to-
channel barrier is reduced because the source-to-channel barrier height decreases. Although
nearly one half of the distribution is unoccupied at the source, 2D electrostatics requires that
charge neutrality has to be maintained (integrated doping equals the 2D hole density) at every
point within the source. To achieve charge neutrality, the electron density residing in the positive
velocity states nearly doubles between the low and high gate bias conditions. To accomodate this

increased charge the subband (potential) floats to alower energy as seen in Fig. 12a (dotted line).
Carriers injected from the heavily doped n*™ region are predominantly backscattered by

the built in barrier, so the potential in this region is unchanged with gate bias. Now, if we remove

the n*™* regions but use the floating boundary condition to terminate the n* regions, we observe

Manuscript for the special issue of TED 18



the potential behavior plotted in Fig. 12b (solid line). Figure 12b, demonstrates that the subband
under bias for the device with floating boundaries (n*-i-n*) is identical to that of the device with
fixed boundaries (n**-n"-i-n"-n"") within the region of interest (n*-i-n"). This indicates that the
floating boundary condition does capture the effect of coupling a ballistic device to a scattering
contact.

The energy-resolved local density of states (LDOS) under ballistic on-state conditions is
plotted in Fig. 13a. The states below the barrier are due to tunneling, and the strong influence of
guantum mechanical reflections is apparent. The LDOS for the higher (primed) subband is
larger (darker in the grayscale plot) because of the four-fold degeneracy of the conduction band
valleys. Figure 13b shows the same plot in the presence of scattering, which is seen to reduce
the contrast of the interference pattern.  Finaly, Fig. 14 shows the energy resolved ballistic
electron density which results in filling up the LDOS according to the Fermi levels in the source
and drain contacts. Carrier tunneling below the source barrier is observed as well as oscillations

in the source and drain, which are due to reflections from the barrier.

VI. DISCUSSION

Although the nanoM OS program has proven to be a useful tool for exploring device physics
and design, it is necessarily based on a number of simplifying assumptions. The mode space
approach is particularly efficient for fully-depleted (FD), ultra-thin-body (UTB), SOl MOSFETS,
for which only afew, uncoupled modes need to be treated. In abulk MOSFET under high drain
bias, however, confinement is lost near the drain and numerous modes much be treated This
makes a real-space discretization more suitable [Jov00, Svi0l]. To treat the flared our contact in
aFD UTB SOl MOSFET, mode coupling must aso be included. The transition from the thick
contact to the thin body could introduce resistance. For this problem one could use a coupled

mode space approach [Dam02b] or a real-space discretization.
The treatment of scattering in nanoMOS is a simple, phenomenological one. A well-defined

prescription for including scattering exists, but the computational burden rapidly gets out of hand

if one resolves scattering between transverse modes [Ven02a]. When using a phenomenological
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approach, one must be careful to mimic the correct physics. Our use of Buttiker probes that
relax the energy of scattered carriers mimics the relaxation of longitudinal energy that occurs in
MOSFETs [Lun02]. The strength of the NEGF approach lies in its ability to treat quantum
confinement, reflection, and tunneling and our phenomenological approach provides nanoMOS
with a way to include the first order effects of scattering. Monte Carlo simulations can include a
much more detailed treatment of scattering, but it is necessary to include quantum effects
phenomenologically [Tsu01, Shi00]. The two approaches complement each other; the NEGF
approach is preferable when quantum transport is the first order issue and Monte Carlo

simulation when scattering is the key issue.

The nanoMOS program was written in a scripting language (Matlab®) to permit rapid
development and debugging. Since much of the computation occurs in compiled matrix
routines, the performance penalty is dight. For larger problems, toolboxes to parallelize the
scripts are being developed [Fal02]. When the time comes for a production CAD program,
nanoM OS may have to be re-written in C or Fortran, but the scripting language approach greatly
facilitates program devel opment and provides adequate performance for use as aresearch tool.

VII. CONCLUSION

The program, nanoMOS 2.0, simulates quantum transport in fully-depleted, ultra-thin-body
SOl MOSFETSs with an efficiency that permits its use on a workstation. We have described the
methods and approaches used in the program as well as the simplifying approximations that
deliver its computationa efficiency. The NEGF approach used in nanoMOS provides a solid
base for simulating electronic devices at the nanoscale which can be extended to increase the
fidelity of the physics (e.g. improving the bandstructure and the treatment of scattering) or to
treat much different devices such as carbon nanotube transistors or molecular conductors. The
nanoM OS program is a step towards a new generation of simulation tools that will allow device
engineers to explore new classes of electronic devices. The program is available for use through

the WWW or for access to its source code [nan02].
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

L1ST OF FIGURES

The double gate MOSFET structure examined in this work. An oxide thickness of 1
nm, and a body thickness of 3 nm have been used to highlight quantum effects within
this device geometry. The power supply is 0.4 V and the gate work function is
adjusted to obtain an I« (10 pA/um) consistent with the ITRS specifications for a
high performance transistor. The S/D doping is 2 x 10%° cm™ and the transistor is
assumed to be wide (Y-dimension is treated as infinite).

A sketch of the generic subband energy vs. position aong the channel (x). Also
shown are the semi-infinite contacts (bounded by open rectangles) attached to the
source and drain regions and the boundary conditions for injection of aunit amplitude
from the source end.

Illustration of why floating boundary conditions are assumed for the potential at the
contacts . The empty circles on the source side, below the dotted line (source to
channel barrier) represent source injected electrons reflected by the barrier. The drain
injected electrons are represented by filled circles.

Summary of the ballistic solution scheme

Illustration of the concept of Blttiker probes. The probe self-energy is adjusted to
tune scattering rates and the probe Fermi-levels to obtain zero net current at each
scatterer

The conduction and first two subband minima, as a function of position in the on-state
(Ves=Vps=0.4V). Note that the conduction band is a function of both x and z while
the subband minima are functions of x alone. The lower subband minima is for the
unprimed valleys with two fold degeneracy, while the higher minima is for the primed
valleys with four fold degeneracy

The total 3D electron density, n(x,2), in the on-state. The thin silicon body is volume
inverted, and the electron density goes to zero at the top and bottom oxide/silicon
interface (0, 3nm). Quantum effects due to confinement are accurately captured by
nanoMOS

The areal electron density (cm™) along the channel is plotted in the off-state (Ves=0,
Vps=0.4 V) from both the quantum (solid line) and the classical (dashed line) ballistic
transport models at room temperature. Quantum mechanical tunneling through the
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Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

source-to channel barrier results in a higher channel charge density in case of the
guantum model. Charge neutrality is achieved in the S/D regions in both cases.

The Ips vs. Vs characteristics for the model device from both the quantum (solid line)
and classical (dashed line) ballistic transport models. The ballistic off-current is
higher from the quantum model due to source-to-channel tunneling.

(&) The Ips vs. Vps characteristics for the model device from both the quantum (solid
line) and classical (dashed line) ballistic transport models. The ballistic on-current is
lower from the quantum model as compared to the classical moddl. (b) The Ips vs.
Vps characteristics for the model device from both the quantum ballistic (dashed line)
and quantum dissipative (solid line) transport models

The ballistic source-to-drain transmission is plotted as a function of longitudinal
energy (E) in the on-state. The top of the source-to-channel barrier for both the
unprimed (dashed) and the primed (dashed with dots) subbands is also indicated.
Note that the transmission is non-zero for longitudinal energies below the top of the
subband barrier (tunneling) and increases smoothly to unity. The primed subband
transmission goes to two instead of one due to contributions from two sets of valleys.

(a) Subband profile, Ey(x), for the device in Fig. 1 with an n™* source extension
added under low (solid line) and high (dashed line) gate bias (VGS=0and 0.6V) a a
drain bias of 0.6V. The potential (subband) floats to a lower energy in the n* region,
but remains unchanged in the n*™ region. (b) Subband profile, E1(X), for the devicein
Fig. 1 with the n™™ source extension and fixed boundary conditions (dashed line) and
without the n** extension and floating boundary conditions (solid line) at a high gate
voltage.

(&) The energy resolved Local Density of States (LDOS) is plotted along the channel
in the on-state from the quantum ballistic transport model. Light areas imply a low
density of states, while dark regions indicate a high density of states. Coherent
oscillations in the LDOS are the result of reflections from the barrier. Non-zero
LDOS in the forbidden region (below the subband energy), leads to tunneling through
the source-to-channel barrier. The LDOS from the primed (blue line) band is higher
than the unprimed (red line) due to degeneracy. (b) The energy resolved Local
Density of States (LDOS) is plotted along the channel in the on-state from the
guantum diffusive transport model. Coherent oscillations in the LDOS are washed
out as aresult of scattering. A small, potential drop in the source and drain regionsis
also discernible.
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Fig. 14  The energy resolved electron density is plotted along the channel in the on-state from
the quantum ballistic transport model. In the heavily doped S/D regions, multiple
subbands are occupied. However much of the current in the channel is from the first
subband. The ballistic source injected charge that propagates to the drain without any
energy relaxation is clearly observed.
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Appendix: Green’s Function Formulation

Although we described nanoMOS from a wave function perspective in the text, nanoMOS is
actually based on a Green’s function formulation of the same problem. The non-equilibrium
Green’s function formalism offers advantages when more complicated geometries or basis
functions are considered and when scattering needs to be included in a more rigorous manner. In
this appendix we translate the wavefunction approach of the text into the NEGF formalism.

Several references provide a fuller discussion of the method [Dat00].

To simulate a MOSFET, we need to compute the electron density and the current. In the

wavefunction picture, eg. (9), we need @ (X)¢@(x) at each node, where @is determined by the

Greens function according to eq. (19). To get ¢ (X)@(X), consider the generalization

@' 9=Gyy, G, (A1)
where
Og O
0. O
O 0O
p=0 0O (A2)
O 0O
O 0O
E7E

is an N x 1 vector giving the value of the wavefunction at each node, and the superscript, +,

denotes the Hermetian transpose. The matrix product in eq. (A2) is

g@?% wa @G, O
4% 44
=0 :

O

U

: . (A3)
O U
O
i

]
/) BB
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By defining an N x N matrix,

2t,sinka 0 --- 00
0 o o 0
+ D . . D - +
M=yy =0 s =iz, -37), (A4)
0 0
0 0
H O Of

(where Z; is the self-energy describing the connection to the source contact as given by eq.

(17a)) we can use eg. (A1) to generalize the spectral function to
A,=GI',G", (A5)

whichisan N x N matrix. Instead of the electron density asin eg. (9), we find the density matrix

due to sourceinjection as

ETop

Ps = IF(EF - Eﬂ)%- (A6)

Anaogous expressions exist for injection from the drain, so the tota density matrix is
p =p,*+p,. Insummary, from the Green’s function, eq. (20), we find the density matrix whose

diagonal elements give the electron density at each node.

To find the current, eq. (11b) still applies, but we need to express the transmission coefficient,
T**(E,), in terms of the Green’s function. Assuming injection from the source as in egs. (5), we

find the incident and transmitted currents as
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and

Jiars = |t/ Ups -

trans

The velocities at the injection and exit points are

1 dE, 2at, .
v, =——X = sink.a = 1
0 h dkx - h 0 %@-S(l )
1dE| _2at, . a
Uy ,=— = sink,_.a=_— N-1LN-1).
N-1 7 dkx |x—|_ 7 N-1 Dh%D( 11 )

Using these results, we find

- J N(IN-1L,N-1
T E )= = e =g LAY
inc 0 1

Since

¢y =G(N _:Ll)rl(ll)’
we have

T2(E,) =|G(N-1,1)['T,AY,(N -1 N -1),
which can be expressed as

T*(E,) = trace(l‘zG I‘lG+): trace(rlG r,G" )
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To summarize, after computing the Green’s function, we find the transmission coefficient from
eq. (Al12), which is then used with eq. (11b) to find the current. Note that Eq. (A12) can be

generalized to find the transmission between any two probes as

T*!(E,) = trace(T, GT,G*)., (A13)

which is useful when Buttiker probes are used to include scattering.
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Fig. 1: The double gate MOSFET structure examined in this work. An oxide thickness of 1 nm, and a body
thickness of 3 nm have been used to highlight quantum effects within this device geometry. The power supply is 0.4
V and the gate work function is adjusted to obtain an 14 (10 pA/um) consistent with the ITRS specifications for a
high performance transistor. The S/D doping is 2 x 10% ¢cm™ and the transistor is assumed to be wide (Y-dimension
is treated as infinite).

Manuscript for the special issue of TED 32



e 'X 1K X
1e X
—>
o 0 ©o ]
1K X
te X
—>
o o o
L
< _

Fig. 2: A sketch of the generic subband energy vs. position along the channel (x). Also shown are the semi-infinite
contacts (bounded by open rectangles) attached to the source and drain regions and the boundary conditions for
injection of a unit amplitude from the source end.
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N+ (Source)

N+ (Drain)

Fig 3: Illustration of why floating boundary conditions are assumed for the potential at the contacts . The empty
circles on the source side, below the dotted line (source to channel barrier) represent source injected electrons
reflected by the barrier. The drain injected electrons are represented by filled circles.
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Fig 4: Summary of the ballistic solution scheme
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Fig 5: Hlustration of the concept of Biittiker probes. The probe self-energy is adjusted to tune scattering rates and
the probe Fermi-levels to obtain zero net current at each scatterer
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Fig. 6: The conduction and first two subband minima, as a function of position in the on-state (Ves=Vps=0.4V). Note
that the conduction band is a function of both x and z, while the subband minima are functions of x alone. The lower
subband minima is for the unprimed valleys with two fold degeneracy, while the higher minima is for the primed
valleys with four fold degeneracy.

Manuscript for the special issue of TED 37



x 1020 TS R L L ........................ ,

0\ 10 20
-10 0
-20 X (nm)

Fig. 7: The total 3D electron density, n(x,2), in the on-state. The thin silicon body is volume inverted, and the
electron density goes to zero at the top and bottom oxide/silicon interface (0, 3nm). Quantum effects due to
confinement are accurately captured by nanoM OS.
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Fig. 8: The areal electron density (cm™®) along the channel is plotted in the off-state (Vgs=0, Vps=0.4 V) from both
the quantum (solid line) and the classical (dashed line) ballistic transport models at room temperature. Quantum

mechanical tunneling through the source-to channel barrier results in a higher channel charge density in case of the
guantum model. Charge neutrality is achieved in the /D regionsin both cases.

Manuscript for the special issue of TED 39



|5 (A/m)

Degraded subthreshold
1 slope

—>

0 0.1 02 y_ 03 0.4

Fig. 9: The Ips vs. Vgs characteristics for the model device from both the quantum (solid line) and classical (dashed
line) ballistic transport models. The ballistic off-current is higher from the quantum model due to source-to-channel

tunneling.
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Fig. 10: (@) The Ips vs. Vps characteristics for the model device from both the quantum (solid line) and classical
(dashed line) ballistic transport models. The ballistic on-current is lower from the quantum model as compared to

the classical model. (b) The Ips vs. Vps characteristics for the model device from both the quantum ballistic (dashed
line) and quantum dissipative (solid line) transport models
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Fig. 11: The ballistic source-to-drain transmission is plotted as a function of longitudinal energy (E)) in the on-state.
The top of the source-to-channel barrier for both the unprimed (dashed) and the primed (dashed with dots) subbands
is also indicated. Note that the transmission is non-zero at longitudinal energies below the top of the subband barrier
(tunneling) and increases smoothly to unity. The primed subband transmission goes to two instead of one due to
contributions from two sets of valleys.
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Fig 12: (a) Subband profile, E;(x), for the device in Fig. 1 with an n++ source extension added under low (solid
line) and high (dashed line) gate bias (VGS = 0 and 0.6V) at adrain bias of 0.6V. The potential (subband) floatsto a
lower energy in the n+ region, but remains unchanged in the n++ region. (b) Subband profile, E;(X), for the device
in Fig. 1 with the n++ source extension and fixed boundary conditions (dashed line) and without the n++ extension
and floating boundary conditions (solid line) at a high gate voltage.
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Fig. 13: (a) The energy resolved Local Density of States (LDOS) is plotted along the channel in the on-state from
the quantum ballistic transport model. Light areas imply a low density of states, while dark regions indicate a high
density of states. Coherent oscillations in the LDOS are the result of reflections from the barrier. Non-zero LDOS in
the forbidden region (below the subband energy), leads to tunneling through the source-to-channel barrier. The
LDOS from the primed (blue ling) band is higher than the unprimed (red line) due to degeneracy. (b) The energy
resolved Local Density of States (LDOS) is plotted along the channel in the on-state from the quantum diffusive
transport model. Coherent oscillations in the LDOS are washed out as a result of scattering. A small, potential drop
in the source and drain regionsis also discernible.
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Fig. 14: The energy resolved electron density is plotted along the channel in the on-state from the quantum ballistic
transport model. In the heavily doped S/D regions, multiple subbands are occupied. However much of the current in
the channel is from the first subband. The ballistic source injected charge that propagates to the drain without any
energy relaxation is clearly observed.
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