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Integrated Quantum photonics (IQP)

» 1QP is emerging as a viable alternative to quantum computation

»Research in areas such as guantum sources, waveguides and modulators has made this
possible

» Compatibility with CMOS technology means industrial scalability will be much easier
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Basic components

» The basic components of a IQP system are:
»Sources (e.g QDs in Cavities)

»Waveguides

» Directional couplers (beam splitters)
» Modulators

» Detectors
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Lumerical for quantum photonics

» Here we show how various Lumerical modules can be used to design IQP components. We
focus on:

» Photonic crystal (PC) design:

» QDs embedded in PCs are popular sources of single photons

» Q factor calculations

»Waveguide design including loss analysis

» Calculating bending loss
» Modulator analysis

» Calculating charge distribution using CHARGE

» Using MODE to calculate change in refractive index for different charge distributions
» Analysis of Frequency conversion in waveguides

» Analysing frequency conversion in waveguides

» Analysing dispersion with temperature

» Calculating conversion efficiencies at different temperatures
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Photonic crystal (PC) design using Lumerical

» QDs embedded in PC cavities are some of the most popular sources of single photons

» Lumerical FDTD can be used to Q factors of such cavities

» Q-factor can be calculated by analysing the time signal, especially for high Q cavities
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Ring resonator cavity design using Lumerical

» Another popular architecture is the ring-resonator architecture for cavities

» Lumerical FDTD can be used to Q factors of such cavities using time signal decay

» A waveguide mode can be launched in the input port and transmission can be measured in the
drop port and the through port. By changing the radius of the ring, the resonances can be
shifted in frequency
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Waveguide design and loss analysis

» MODE can be used to calculate various
modes of a waveguide with information

mo;e # effective  wavelength loss TE polarization waveguide TE/TM effective area ol
I i ke n eff a n d I OSS index (pm) (dB/cm) fraction (Ex) fraction (%) (pm~2)
- 1 s s 0000 % 7os/eiss  oioms
2 1.774399 1.55 00000 5 68.95 / 88.69 0348852
3 1494423 1.55 0.0000 70 86.89 / 96.06 0.833684
4 1407013 1.55 0.0000 100 98.52 /96.39 52281
5 1.398310 1.55 0.0000 26 99.6/93.98 6.25424
6 1.393041 1.55 00000 O 95.44 / 95.26 4.39251
7 1.369808 1.55 0.0000 74 86.64 / 98.52 551109
8 1.367460 1.55 0.0000 14 98.97 /81.12 535923 v

frequency (THz) .193.414

wavelength (um) |1.55 |

Mesh structure

number of trial modes [20

search near n 2
use max index

n 3.47656

y (microns)

[] bent waveguide

bend radius (pm

y (microns)

location x (pm) |0
bend location y (um) |0

bend location z (um) |0

[[] helical waveguide
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Waveguide design and loss analysis

» MODE supports easy frequency sweep to calculate effective index for a particular mode at different
wavelengths

F
i 249
§ | B3
IS, % L
E o 2.46
> | EX 'E‘
%
% L
2.
o 243
o
1. L
2.40
i ] ] ] ] ] | l l | -
1.50 1.51 1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59

Wavelength (microns) .

-1.5 13 S B -0.9 -0.7 -0.5 -0.3 -0.1 0.1

x (microns)

0.3 0.5 0.7 0.9 1.1 1.3



|:|. Ozen

Waveguide design and loss analysis

» MODE can also be used to calculate the
bending loss by calculating the mode
effective index and loss/cm for a bend with

a certain radius. Here we see the loss for
bend radius of 1.5 um.

Mode list
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3 >
options | Set Calculation Parameters ™
frequency (THz) [199.862
Mesh structure
search near n v

use max index
n [3.48051
bent waveguide

bend orientation (degrees) Cl

bend location | simulation center v

y (microns)

bend location x (pm) |0
bend location y (um) |0

bend location z (um) |0

[] helical waveguide
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Waveguide design and loss analysis

» MODE can also be used to
calculate overlap of
modes between a bend
and a straight section of
the waveguide. This has
to be factored in during
bending loss calculations.
Here we see overlap
integral of 0.9957 for a
straight WG mode and
one with a bend radius of
10um.

<

mode #

effective wavelength loss
index (pm) (dB/cm)

group
index

TE polarization
fraction (Ex)

waveguide TE/TM

fraction (%)

angular propagation
constant (1/rad)
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Modal analysis

Frequency analysis Overlap analysis

Overlap Beam

overlap 0.995761
power coupling 0.99576

Calculate Overlap

shift d-card center

recenter g

x shift (pm) [0.0194409 |

y shift (um) [-1.81724e-05 |

2 shift (um) [0 |
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Modulator

» Here we demonstrate how a PN modulator can be modelled using Lumerical CHARGE
» CHARGE can be used to calculate the charge densities for different values of applied electric fields
» Changing charge densities change the refractive index of the waveguide and hence causes a phase
change in the propagating mode
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Modulator

» Here we demonstrate how a PN modulator can be modelled using Lumerical CHARGE
» CHARGE can be used to calculate the capacitance for different voltages
» This capacitance gives information on how fast can a modulator be used
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Calculating mode properties for different voltages

» CHARGE can export the obtained charge distribution and this can be used by MODE solutions to
calculate fundamental mode properties at different voltages
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Measuring phase change during modulation

» INTERCONNECT can be used to measure phase change using the designed modulator. MODE
solutions can be used to export effective refractive index for different voltages. This can be imported

in INTERCONNECT to calculate modulation for different voltages.
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Lumerical for frequency conversion

» Number of IQP protocols use frequency conversion for generating photons. For
e.g. in Lithium Niobate Lumerical (MODE) can be used to calculate how modes for
fundamental and SHG (second harmonic) change with temperature.
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Lumerical for frequency conversion

» Using Sellmeier coefficients to model the refractive index of Lithium niobate at
different temperatures we can obtain mode dispersion for fundamental (tel) and
SHG (nir) at different temperatures
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Lumerical for frequency conversion

» Using the dispersion data we can find phase matching fundamental wavelengths at

different temperatures. We see that the fundamental wavelength shifts to higher
values with increasing temperature.
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