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Obijectives:

* To facilitate access to the modeling and simulation capabilities and
expertise within NNCI sites.

* To identify the strategic areas for growth in modeling and simulation

* To promote and facilitate the development of the new capabilities.

An inventory of available modeling and simulation resources and expertise is
being complied. The directory is hosted by nanoHub.org.

|0 sites have reported collectively more than 65 commercial simulation tools
and 40 internally developed simulation tools available for internal and/or
external users (with and without fee).

8 supercomputers or major computing clusters are available in various sites.
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* Modeling Efforts
e 2D Materials
* Thin Film Solar Cells

* Spintronics

 Commercial Tools
* Synopsys TCAD Sentaurus Tools
« XperiDesk

* Breakout Session
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* One of the most active areas of materials research.

* Heterostructures are often used for optical or electronic applications.

e The ways the bands align determines the suitability of a heterostructure.
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DFT input/output files available
http://apps.minic.umn.edu/2D/v

@ O. Ongun et al, Phys. Rev. B 94,035125 (2016)
Tony Low Group @ U Minnesota 4




* A periodic table of 2D heterostructures is developed.
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M UNIVERSITY OF MINNESOTA One Stop MyU &
Driven to Discover

2D Material Properties

Collaborators Publications

2D Material Properties

Midwest Nano Infrastructure Corridor

Select a Material Group

WSe2
Property Description/Value
Bulk Monolayer
Lattice constant (a) 3.28A (1] 332A[2]
Molar mass 341.76 g/mol [3, 4] 341.76 g/mol [3, 4]
Band gap type Indirect [5] Direct [5]

Band gap energy

1.2 eV (experimental) [6]

1.65 eV (experimental) [5]
1.25 eV (calculation) [2]

Coordination geometry Trigonal prismatic (W), Trigonal prismatic (W™),
Pyramidal (Se) [3,4, 7] Pyramidal (Se”) [3,4.,7]
Transition Metal Dichalcogenide (TMD) Cryslal structure lllgpg'[??;‘fc group P63/mmc' No 1;1}:)6'] ;za[‘;c' !%OUP P63/mmc’
\ Appearance Grey to black solid [3,7] = | —==——mmmeemmeme
Transition Metal Trichalcogenide (T Group Transition Metal Transition Metal
Dichalcogenide [7] Dichalcogenide [7]
Spin-orbit splitting | eeemmeeeeeeee 047 eV [2]
The Periodic Table Poisson’smatio | eeccemeeee- - 0.19[2]
[ someremeer E:::"“:;I E"‘:‘;’I Cohesive energy per unit cell | ---—-oeoeeeee - 15.45 eV [2]
] [lother metas [ naogens Charge transfer of W atom 0.96 e [2] 096 ¢ [2]
T s D™ In-plane stiffness e 115.52 N/m [2]
“Na |Mg. | Density 9.32 g/em’ 3] 9.32 g/em’ [3]
) e Melting point BRI 0 0 0 | —~
K. |ca Exciton binding energy | —--—eeoe 0.79 eV [9]
| = T — 255A 2]
:"5:"56 Diclectric constant (€) | =====mmmmmmammu- Real part (£1)=-22,
Cs Ba L iBe Imaginary part (£2)=~10 (at
e 106 1.7 eV incident photon
’ energy) [10]

© 2018 Regents of the University of Minnesota. All rights reserved. The University of Minnesota i
and employer. Privacy Statement
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Effective masses

m=0.53 m,, my=0.52 m,

[11]

Effective Bohrradius @ [-cceeeomeeeee | e
Thermal expansion coefficient 11.08x10° /°C[12]
Bulk Modulus®) | | emememmememmemaee
Refractive Index | ceemmmme s 5.68 [13]
Carrier mobility in WSe;
Thicknesses BN/SiO2/Si substrate Si02/Si Substrate
g I D ~350 cm*/V .Sec (hole) [14]
Monolayer ~31em?/V.Sec[15] | e
Bulk e e —




Physical Model: Point Defects

* Intrinsic Defects in CdTe:
° V\CMd,qv(o/Z*')r ycwgv(olz-)l I@y gg'vrg

e Extrinsic Defects in CdTe:
e Cu Defects

v MAAA/

* C| Defects

CL(0/£), Clyo(0/+), Clye:Viey(0/-) .
* Cu-Cl Complexes

Clre-Cucy(0), Cli-Cucy.

cui(0/+)) vcvgggv(ol')l Cd"cucd(o/+)
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Cu; & Cu.4 defect system investigated.

® e"e o :
@Cu »

Good matching with experiments:
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D. Guo, T. Fang, A. Moore, D. Brinkman, R. Akis, D. Krasikov I.
Sankin, C. Ringhofer, and D. Vasileska, IEEE JPV (in press) 8




Tools created by
Vasileska’s Group
and related to

Process Modeling

* Cuin CdTe Lab:
1D: 59 Users ;
2D: 78 Users

Monthly | Yearly | Cumulative
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nanohub.org/tools/spintransport/ Result[Ls vs W 3

— — &
@ input - @ input b G 4007
Material: | Aluminum v Material: | Aluminum | 2607 |
Aluminum | |
Geom| Copper Geometric Parameters for Interconnect  Material Parameters for Interconnect £ - . T z - . - , 1
Other ~ 1e-08 2e-08 3e-08 4e-08 Se-C
W (m)
; |al
Material Symbol:
such as Ni, Ag, Zn Result: [Net MFP vs W M
Fermi Energy Level (eV): [11.7 I
Bulk Mean Free Path (m): |14e-9
1e-08
Bulk Resistivity (ohm.m): |2.75e—8 =
Width (m):|Se-8 Electron Density (-3): 2.1e29 — 5 o
; [5e- =
Thickness (m): [Se-8 Femi Velocity (m/s): [2.03e6 S sets
Spin Flipping Probability Due to Phonons: |8e-5
Spin Flipping Probability Due to Defects: |1 e-4
Grain Scattering Coefiicient: 0.5 T els | 208 05 | 408 Sed
W
Sidewall Scattering Coefficient: |0.2 L
Result: | Output Log X @
Material = AL
Simulate > | Simulate > | Mobility = 0.0007724 (m"2/V.s)
Net Diffusion Coefficient = 0.0060247 (m~2/s)
Net Mean Free Path = 8.9067e-09 (m)
Net Spin Relaxation Length = 5.5034e-07 (m)
. . . . Net Spin Relaxation Time = 502725—11 (s)
* Choose right material for your * Use predetermined material parameters Conductivity, 1 2LS%En 0T L
interconnect OR use your own
|~

* Obtain electron-spin transport
physics-based simulation results
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Result: |interconnect .shckt @

nanohub.org/tools/spincircuit/ o e
ekt ntescornect v
+ ve_gnd vx_gnd vy_gnd vz_gnd

+Drift-Diffusion Channel Circuit Model
xcelll vel vel vx0 vxl vyl vyl vel vzl ve_gnd vx_gnd vy_gnd vz_gnd cell
xcell? vel ve2 vkl vx2 vyl vy2 vzl vz2 ve_gnd vx_gnd vy_gnd vz_gnd cell
xcell3 veZ ved vx2 vx3 vy2 vy3 vzZ vz3 ve_gnd vx_gnd vy_gnd vz_gnd cell
xcelld ved ved vx3 vxd vy3 vyd vz3 ved ve_gnd vx_gnd vy_gnd vz_gnd cell
xcellS ved veS vxd vxS vyd vy5 ved veS ve_gnd vx_gnd vy_gnd vz_gnd cell
Material: [Copper xcell6 veS veh xS vx6 vyS vy6 vzS vzé ve_gnd vx_gnd vy_gnd vz_gnd cell
: xcellT veb vel vx6 vxT vy6 vy7 vz6 vz? ve_gnd vx_gnd vy_gnd vz_gnd cell
Aluminum i " preells ve] vod vx wxd vy7 vyd val ved ve_gnd v gnd vy_gnd ve_gnd cell
b8l sonssreammian celly xcelld veB ved vx@ vxd vyB vyd vz vzd ve_gnd vx_gnd vy_gnd vz_gnd cell
Geom| Copper xcelll0 ved vell vxd vxll vyd vyld vz9 vzI0 ve_gnd vx_gnd vy_gnd vz_gnd cell
Other I(z) & o R " & I(z+L)

B arcuit iption F Osi

€ Interconnect Parameters

el |11

2
I8

.ends interconnect

L:(2) - o | n .

o | LeE+D)

Ly(z) Pl DY, S | Xk Lyx+1L)

P e Result: |cell shckt j @

I.(x) ke 2 .3 Lz +L) +Single Cell Subcircuit

.subckt cell

+ VC+ VG- VK+ VK- UY+ VY- VZ+ vz-

Material Symbol: l vy
+ ve_gnd vx_gnd vy_gnd vz_gnd

such as Ni, 4, Zn

Fermi Energy Level (eV): |7

Bulk Mean Free Path (m): [40e-9 +Parameters

*Spin Transport Parameters
Bulk Resistivity (ohm.m): [1.7e-8 .paran mu=0. 0016096

param D=0.0075113

Electron Density (m"-3): [8.5¢28 o
+Spin Circuit Parameters
.paran Relec=0. 68439
paran Celec=1 2040e-18
_paran Rspin=0. 68439
‘Parom Copines d71le-13
_paran Gspin=0. 069804

Fermi Velocity (m/s): [1.57e6 L.(z +L/%)

Spin Flipping Probability Due to Phonans: |Ze-3
Spin Flipping Probahility Due to Defects: |7e-4
Grain Scatiering Coeflicient: 0.5
Sidewall Scattering Coefficient: |I].Z

g *Drift-Diffusion Segment Circuit Model
*Charge Current
e V,.) (e V., RVCI vc+ ve+_t 'Relec’

A v cl ves_t vo DC 0

+Spin_x Current
R_x1 vx+ vx 'Rspin’'
B_xl vx+ vx 1 (mu/D)*I(V 1)+ (V (vx) -V (vx_gnd) )

F;
Spin_y Current

Ryl vy+ vy 'R
Number of segments: [10 +=] Byl vy+ vy by (mu/D)*I(V 1) * (¥ (vy) -V (vy_gnd))

R_y2 vy vy- 'Rsp
B_y2 vy vy- I= (mu/D)*I(V c2) * (V(vy) -V{vy_gnd))
C_y d ‘Cspin'

R peaply gnd l/g
spin’
< Interconnect Parameters ulate > *sglyz‘zﬁ?@'am i

R zl vz+ vz 'Rsp

Bzl ve+ vz I= (mu/n)*I(V 1)+ (v(vz) -V(vz_gnd))
R_z2 vz vz- 'Rspin’
B 22 vz vz- I- (/D) +1(9_62) (7 (02)= (v2_gnd)
C z vz vz_gnd 'Cs

¢ Choose right material for your * Use developed compact circuit model o
interconnect for spintronic transport o e

Circuit Description Parameters >

* Obtain SPICE subcircuit netlist
describing spin & electron transport
in channel
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X SPICE Subcircuit Generator for Ferromagnetic Nanomaterials - 0O X
File

@ Material and Geometric Parameters 3 =

X SPICE Subcircuit Generator for Ferromagnetic Nanomaterials - 0O X
File

X SPICE Subcircuit Generator for Ferromagnetic Nanomaterials - O X
File

@ Material and Geometric Parameters =

© simulate

Material Parameters ~ Geometric Parameters |

z
> §
x

©

L (m): 80e-9

Ly (m): [40e-9
Lz (m): [3e-9

Since Feb. 2018, more
than 40 users and 80
simulation runs.

Coordinated Infrastructure

o

Material Parameters ] Geometric Parameters ]

Saturation Magnetization (Ms) (A/m): [1e6
Gilbert Damping (alpha):|0.l!|
Gyromagnetic ratio (gamma) (1/sec/Tesla): ]1 7.6e10

Kx (Jim~3):[+1e5
Ky (J/m3):[0
Kz (m~3): [0

Map Satellite

S W<
"9

1

Result: | ferromagnet sbckt - @

+*Ferromagnet SubCircuit

subckt fm
+ mx my mz ws_gnd ny_gnd mz_gnd
+ sx sy sz sx_gnd sy_gnd sz_gnd

_gn X
+ hx hy hz hx_gnd hy_gnd hz_gnd

paran Ms = le+06

param alpha = 0.01

param gamma = 1.76e+11
param q = 1.6026-19

param mu_0 = 1. 2566e-06
param mx_initial = 0.998
param my_initial = 0.055
param mz_initial = 6. 12e-17
param Ns = 1.035e+06

paran Cm = 1.658
param Ix_ma

©

3e-13
0.00012

paran Iy mag = 0
param Iz_mag = 0
param Nx = 0.042531
paran Ny = 0.087464
param Nz = 0.87 V]

Select All

Find: LIt
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* Modeling Efforts
e 2D Materials
e Thin Film Solar Cells

* Spintronics

 Commercial Tools
* Synopsys TCAD Sentaurus Tools
« XperiDesk

 Breakout Session
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Sentaurus Process Framework

Sentaurus Topography

Sentaurus
Workbench

v

Structure .
editing Sentaurus Structure Editor
Sentaurus
Visual
\-/

Sentaurus Device

Process
simulation

. Sentaurus
Device and PCM
interconnect Raphael Studio

simulation e

Sentaurus Interconnect

Sentaurus TCAD Suite

Synopsys offers quarterly 3-day “Basic Training Workshops on TCAD
Sentaurus Tools” at their Mountain View, CA, headquarters.
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N : SILVACO softmzms
‘QpenDes . Server
Central Database Builds 2D/3D Model

Generate pictures, AI
PPT, PDF

A knowledge capture repository for process flows which can generate 3D
renderings of devices to be fabricated.

Results can be fed directly into Sentaurus, Silvaco, SoftMEMS and Coventor.
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* How can NNCI Computation be most useful for the NNCI
community?

* What can we do in the short term and what should be long
term goals?

* How can we grow the existing computational resources?

 How can we make it easier to access computational resources?
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