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Light-Matter Coupling

 Optoelectronic device modeling requires coupling light to matter
degrees of freedom
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« Approaches vary in complexity: Semiclassical transport,
quasistatic electromagnetic fields

 Quantum transport, dynamic electromagnetic fields
 Fully quantum light/matter




Semiclassical Transport with FDTD

« Goal is to handle time-dependent phenomena
« AC biasing, excitation by E&M fields, terahahertz

» Approach: Self-consistently couple full-wave E&M simulation to

transport
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Classical Light

 FDTD for fields is well developed

* Yee grid, central differences .
 FDTD — time stepping routine, PML, ¥ p
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Electronic Hamiltonian

« Single electron Hamiltonian is vital for pretty much any quantum
transport calculation
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* A, ¢ enter Hamiltonian through: H,; = a4y _ qo(r) + V(r)

2m

« Hamiltonian is NOT gauge invariant, but things like current
density, charge density, are
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Our Approaches

Field-Potential

Lorenz Gauge

E.H A, ¢

Additional equations for
potentials

Dual-Potential

Coulomb Gauge

Al C)¢

S. W. Belling, L. Avazpour, and |. Knezevic, “Coupling

No fields jUSt pOtentiaIS (fewer Classical Electrodynamics with Quantum Transport
. ’ With DuPo FDTD,” In prep. (2023)
equations)

Y | |



Dual Potential FDTD

*B=VxA E=-2-V¢ A
along with Maxwell’'s E=——-Vo E=VXC+Vy
equations ot

 Helmholtz decompose E as: Esol ot Eso =V XC
E= VXC+Vy

Econ=—-Vo Econ =V

» Gauge condition on A and C:
V-A=0,Vv-C=0
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Dual Potential FDTD

» Replace E/B with potentials expressions in Ampere’s law

9]
VxVxA=u]+uea[VxC+Vc|)]

9]

* Introduce F that satisfies: V X F = J,,+ where ], is the solenoidal part of
current density %1078

d
VXVXA=uVXF+]Jecon) + UE

VX C+ V¢

VX[VXA—uF — ue%C] = neVd + Weon = 0
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Dual Potential FDTD

 Final equation, take Div of:

d
VxVxA=u]+uea—t[V><C+Vc|>]

« We arrive at: V- uJ = %Vch = %p/e

« Calculate |V - uJ = %p/e and use a Poisson equation solver
whenever ¢ is needed

 Poisson solver also used on F to solve (recall V- F = 0):
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Example: Photonic Crystal

Step 1
ep= 11.56 o =58000000
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Coupling to Quantum Transport

* We have a unique ability to source with ¢, calculate tunneling
current, compute resulting potentials, self-consistently

Ax 109 Cx
&
N s
1 D 7
N =
20 N / 0
9 5 /
N 4
£, 30 N g ?
= v =}
el x « &
40 /
P EE -
50 /7 AN
ki 7 % 4
/ \ |
g N 100
a B
70 (O
0 40 0
X(nm)

Y (nm)

20 40 G0 20 40 60 80

X(nm) X(nm)

S. W. Belling, L. Avazpour, M. L. King, and |. Knezevic, “Coupling Classical
Electrodynamics with Quantum Transport With DuPo FDTD,” In prep. (2022)



	Diapositiva 1: Dual-Potential Finite-Difference Method for Electrodynamics With Multiphysics Solvers 
	Diapositiva 2: Light-Matter Coupling
	Diapositiva 3: Semiclassical Transport with FDTD
	Diapositiva 4: Classical Light
	Diapositiva 5: Electronic Hamiltonian
	Diapositiva 6: Our Approaches
	Diapositiva 7: Dual Potential FDTD
	Diapositiva 8: Dual Potential FDTD
	Diapositiva 9: Dual Potential FDTD
	Diapositiva 10: PML Performance
	Diapositiva 11: Example: Photonic Crystal
	Diapositiva 12: Coupling to Quantum Transport

