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Geometry

upper gate

silicon oxide layer

source channel drain

source contact
drain contact

silicon oxide layer

lower gate

The gates

The metallic gates act as a “tap”: they open or close the channel.

The electrons’ confinement

Electrons are confined inside a 3.15 V-deep well along the transversal dimension.

The doping

The pt — p — p™ doping attemps to control the conductivity of the device.
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Dimensional coupling

Dimensional coupling
Electrons are waves along the transversal dimension, particles otherwise. J

longitudinal dimension (particles)
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Dimensional coupling

Dimensional coupling

Electrons are waves along the transversal dimension, particles otherwise.

Description of the longitudinal dimension

One Boltzmann Transport Equation for each pair (v,p) € {1,2,3} x {1,..., Nen}

8](;;p . Ofvy 10e, 0fup

ox h Ox Ok = Qulf]

longitudinal dimension (particles)
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Dimensional coupling

Description of the transversal dimension

A set of 1D Schrodinger eigenvalue problems:

Pdl[ 1 d,

2dz [mg, dz

s

—q(V+ V) Yy = €vpthup.
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Dimensional coupling

Electrostatic field

The 2D Poisson equation couples the “classical” and the “quantum” dimensions:

3 Ngpn
dives eaVeV) = (2357 [ fopdh i, =
v=I1 p=1

2D Poisson equation
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Numerical methods

Transport part

BTE’s

After changing variables from Cartesian to ellipsoidal for &, the set of BTE’s rewrite

08y 8 ) 2 ]+ ] - 0t

with azw and ai,p representing the electrostatic force.




Numerical schemes
[e]e] lelelelele]
Numerical methods

Transport part

Time discretization

Third-order Total Variation Diminishing (TVD) Runge-Kutta scheme:
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where H are the right-hand sides of the BTE’s:
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Transport part

Partial derivatives

The three partial derivatives % [all, <I>,,,,,], % [a,zj,p <I>,,7p] and % [af,,p <I>,,,,,] are

approximated line by line using a WENO routine for finite differences.
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Transport part

Scattering operator

Explicit formulae for the scattering operator are (neglecting many constants):

[Ir_ @,/ (T-,¢") +1Ir, @ (4, ¢)] dg’
Qu 18] 5,0) = 5, Zf - oty (0, ) 4 e, By (4, D] 40
(v, p")(v.p)

Ir, s,/ (P+) +Ir_ s, (P,)
=2 Py, (w,0) Y —F

o Wepyow o)

with W being the overlap integral
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The confined dimension

Schrodinger-Poisson block

Bdl 1 d,
- | — | = Vv Vc v,p — €v v
2 dz {mz’u dz q(V+ V), €vp Yup
3 Nsbn
divy . [er V. V] = 610 23> oup [WuslF = No
v=1 p=1
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The confined dimension

Schrodinger-Poisson block

Bdl 1 d,
- | — | = Vv Vc v,p — €v v
2 dz {mz’u dz q(V+ V), €vp Yup
3 Nsbn
divy . [er V. V] = 610 23> oup [WuslF = No
v=1 p=1

Input/output

surf. densities o(x) — subbands €(x), wave functions ¥ (x, z), potential V(x, z).

v
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The confined dimension

Reformulating the problem

The Schrodinger-Poisson problem (here written extremely simplified) is solved by a
Newton-Raphson iterative scheme seeking for the zero of

&
P[V] = —AV + Z Ouv,p |¢v,/?|2 under ( - V) Yup = €vpYup-

dz2
v,p




Numerical schemes
00000080
Numerical methods

The confined dimension

Reformulating the problem

The Schrodinger-Poisson problem (here written extremely simplified) is solved by a
Newton-Raphson iterative scheme seeking for the zero of

&
P[V] = —AV + Z Ouv,p |¢v,/?|2 under ( - V) Yup = €vpYup-

dz2
v,p

The iterative scheme

We are led to a Poisson-like equation to update the guess for the potential V

1d
1/J3,p

—ave s [AGOVEEK ==Y 0

v,p

"t / Az, €) V(Q)dC.
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The confined dimension

The Newton-Raphson kernels

A0 =230 D T ulh () uily (O vl () ¥ 2)

v p'#p Vb vp
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The confined dimension

The Newton-Raphson kernels

A0 =230 D T ulh () uily (O vl () ¥ 2)

v p'#p Vb vp

Solver for the Schrodinger equation

. d’
Each of the 3 x N, eigenvalue problems P V) Yup = €vpthupis
z

independently solved by LAPACK’s DSTEQR.
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The confined dimension

The Newton-Raphson kernels

A0 =230 D T ulh () uily (O vl () ¥ 2)

v p'#p Vb vp

Solver for the Schrodinger equation

&2
Each of the 3 x N, eigenvalue problems (d— —V | Yop =€pthuypis
72

independently solved by LAPACK’s DSTEQR.

Solver for the Poisson-like equation

The linear system on V™%

_Avncw + /A(Z, C) Vncw ZQU’[, ‘wold

/ A old

is preconditioned using ILUC, then solved by the IDR method.

)d¢.
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Hybrid parallelization

Overall design of the solver

initialization

t BTE &'—o"' )|

max |

GPU
/

=

macr. magnitudes ‘

Schroed. e
compute  €vp Xvp partial derivatives
(WENO)

compute
densities

Nup

NR kernel for V
(on GPU)

construct linear
system for V

precond. lin. system
for V(ILUC)

update guess for V.
DR)

Schroed.
update €vp Xve

compute At
t=t+ At

update
densities  Nvp




Numerical schemes
[eJe] o]

Hybrid parallelization

Main computational phases

The scatterings phase (on the GPU)

f Ir_ (I)u N4 7¢/) + HF+ (I:'u’ p’ (F+7 (ZS,)} d¢,
Qup[®] s, (w) = ’
’ Z Wi ) )
]Ir+ Sy (F+) + Ip_ s, (F,)

-2 ©V7P(W7 ¢) Z

’ /
v'.p

W pye (v p)

@ Wi ) (v py is precomputed.

@ The operator requires 7 X 3 X Ngn X Ny X Ny, X Ny independent ¢-integrations
on total (/59, 000, 000 for the “standard” meshes).

@ Loop on the scattering phenomenon, and 3 X Ngn X Ny X N, X Ng threads
created at each time. )
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Hybrid parallelization

Main computational phases

The scatterings phase (on the GPU)

f Ir_ (I)u N4 7¢,) + HF+ (I:'u’ p’ (F+7 (ZS,H d¢,
Qup[®] s, (w) = ’
’ Z Wi ) )
]Ir+ Sy (F+) + Ip_ s, (F,)

-2 ©V7P(W7 ¢) Z

’ /
v'.p

W pye (v p)

@ Wi ) (v py is precomputed.

@ The operator requires 7 X 3 X Ngn X Ny X Ny, X Ny independent ¢-integrations
on total (/59, 000, 000 for the “standard” meshes).

@ Loop on the scattering phenomenon, and 3 X Ngn X Ny X N, X Ng threads
created at each time. )

The WENO phase (GPU)

The computation of % a, ®, ,| is performed on the GPU, using
3 X Ngpn X Ny, X Ny threads (no Ny). Similarly for the other dimensions.
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Main computational phases

The update V phase (hybrid)
@ The Newton-Raphson kernel is computed on the GPU as (x-dep. omitted)
) old old OQuvp = Qup’ ol old
Az, zp) = Z wup j 1/)1/,/: (%) old _ _old Yup’ (z7) Yy p (z)-
p'#p Copr T v

precomputed

using shared memory, so that threads in the same block share the same x.

@ The linear system is constructed, preconditioned and solved on the CPU

AV 4 /A(Z, C) VneW(<)dC — _ Z Ovp /-A(27 g) Vold(C)dC.
v,p

2
1d
Yoy +
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Main computational phases

The update V phase (hybrid)
@ The Newton-Raphson kernel is computed on the GPU as (x-dep. omitted)
1d ld OQuvp = Qup’ ol 1d
Az, z7) = 22"#% @) ¥os(@) Y ﬁ v (77) Yy (27)-
p'#p P’ VP

precomputed

using shared memory, so that threads in the same block share the same x.

@ The linear system is constructed, preconditioned and solved on the CPU

AV 4 /A(Z, C) VneW(<)dC — _ Z Ovp /-A(27 g) Vold(C)dC.
v,p

2
1d
Yoy +

v

The Schrodinger phase (CPU via OpenMP)

We parallelize via OpenMP the diagonalization of the Schrodinger matrices

1A (1
2dz \m;, dz

> = Vihup = €vp Yoy
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Speedup obtained
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60 - 2.25 other
5.92 WENO
50 - 3.26 eigenproblem
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Performances OpenMP/CUDA

ON3M
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Comparison to Monte-Carlo
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Comparison to Monte-Carlo
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