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OUTLINE
* Motivation
* Colloidal guantum dots as light emitting material
* SiN waveguide platform optimization
* Colloidal guantum dots as gain material
* Colloidal guantum dots as single photon emitter

* Conclusion
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MOTIVATION

 Silicon nitride photonics
* Low loss compared with silicon photonics : 0.001 dB/cm to 0.5 dB/cm

* Large optical transparent window: 0.4 umto 4 um
e Relatively high index contrast: ~2
* Layer stack flexibility: Multi layer is doable with multi deposition

* @ Not a good material for light generation
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MOTIVATION

* Colloidal quantum dots

e High quantum yield: up to 80-90%
e Tunability of the emission: 0.4 um to ~1.6 um
* Low cost: chemical synthesis without vacuum chamber

Optical gain & single photon emission
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MOTIVATION
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* Lowloss * Low cost
e Large optical transparent window * Tunability of emission
* Relatively high index contrast * High quantum yield
e Layer stack flexibility * Optical gain
—— | * O Not agood material for light generation * Single photon emission
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COLLOIDAL QUANTUM DOTS AS LIGHT EMITTING MATERIAL
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Quantum dots as gain material

Potential high gain coefficient
Potential low lasing threshold
Potential thermal insensitive optical gain

Quantum confinement providing wide range of

gain spectrum tunability

Colloidal guantum dots

Low cost
Flexibility with the substrate
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COLLOIDAL QUANTUM DOTS AS LIGHT EMITTING MATERIAL

* Biexciton gain
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COLLOIDAL QUANTUM DOTS AS LIGHT EMITTING MATERIAL

 Auger recombination

 The enhanced Auger recombination in colloidal QDs deactivate the optical gain

* Can be beneficial for the single photon emission
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COLLOIDAL QUANTUM DOTS AS LIGHT EMITTING MATERIAL

* Colloidal QDs as single photon emitter

*  Fast Auger process leads to the quenching of multi-excitons

* Single photon emission properties can be achieved with colloidal QDs
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OUTLINE
* Motivation
« Colloidal quantum dots as light emitting material
« SIN waveguide platform optimization
« Colloidal guantum dots as gain material
« Colloidal quantum dots as single photon emitter

« Conclusion
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SIN WAVEGUIDE PLATFORM OPTIMIZATION

* The goal of the waveguide platform optimization
* Low loss SiN waveguide
* Low loss SiN waveguide with embedded colloidal QDs
* The embedded colloidal QDs still maintain their emission properties
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SIN WAVEGUIDE PLATFORM OPTIMIZATION

e SiN deposition

Frequency Bias
Power

13.56 MHz
L-F 100 kHz
BES 6:5(HL)

2.4
2.3
2.2-
e 21
2.0-
1.9
1.8

—_

SHF\TETRSITY “mmec

400

800 1200
Wavelength (nm)

1600

Pres
AR
(mT)

650

1960
650 1960 35 40
650

(b) ‘—L._F H:Si;l

0.1 ]
0.01 1
1E-31
1E-4~!

1E-53

15-6-!

1E-7 . . r T
400 800 1200 1600
Wavelength (nm)

13



SIN WAVEGUIDE PLATFORM OPTIMIZATION

Pure SiN waveguide:
200 nm thick with different width@ 900 nm
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SIN WAVEGUIDE PLATFORM OPTIMIZATION

SiN waveguide with CQDs embedded:

100 nm H-SiN + monolayer CQDs+ 100 nm L-SiN @ 900 nm
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SIN WAVEGUIDE PLATFORM OPTIMIZATION

* SiN layer stress characterization
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SIN WAVEGUIDE PLATFORM OPTIMIZATION

* SiN fluorescence measurement

Total Counts — Background Counts

Count =
Ounts per nm thickness of SiN

digilal micromirror device
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OUTLINE
* Motivation
* Colloidal guantum dots as light emitting material
* SiN waveguide platform optimization
* Colloidal guantum dots as gain material
* Colloidal guantum dots as single photon emitter

* Conclusion
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Colloidal QDs photoluminescence characterization
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Transient absorption spectroscopy
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Transparency: AA=A,,oreq.:A=0
Net optical gain: A<0,oreq.:G(=-A)>0

Get exciton lifetime and gain spectrum information
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

. Polarizer ND Filter
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

TAS measurement results
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The time dependent dynamics of A at a fixed probe wavelength
of 630 nm after 520 nm excitation. The lowest fluences used has
__.arate constant of ~2 ns'! (500 ps bi-exciton lifetime)
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Compact layer gain coefficient measurement

* Variable stripe length (VSL) for gain coefficient measurement
Pros
* No special sample preparation is needed
Cons

* Diffraction of the pumping beam can lead to artificial gain values
» Z-dependence of £2(z) strongly affects the collection efficiency of

the ASE signals

Waveguide based variable stripe length method

—
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

 Compact layer gain coefficient measurement
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

1 10 100 0 100 200 300 400 500 600

S
< 01
] 0.1
3 0.01
o
Siea 0.01
=]
o
1E-4 1E-3
) 500 600
h (um)
P raveguide length
ing fluences
edl — 1 212 cm™ @ 56 w/cm?
I =A, 206 cm™ @ 34 w/cm?
g g g 169 cm @ 30 p/cm?
T No R With R R=5%

CheRsy . lmec 25



COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

e Laser cavity design

The simulated stop band of the grating. The ASE

75 nm/50 nm/90 nm spectrum has been inserted.

SiN/CQD/SiN layer stack
with 35 nm depth grating

W ol

1.0- i E j198 n
‘ : : 1196 S
= 0.8 i - 3
= : ! 194 @
< I i L g
_ b 0'6— : : —192 g.
‘0 ] i i L 2

i i I
§ 0.4_ Qb [ 190 ‘r‘:-
= > =
= - Q;’ -188 @
Qo 0.2- Q I —
BOX | S -.135 =
0-0 1 - Il L] 1 o 1 - ‘l - I o4 1 - 1 184 é

— 600 610 620 630 640 650 660 670

GHENT . Wavelength (nm)
onversiy  LIMe€C



COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Laser cavity design
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* DFB laser fabrication process
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* DFB laser characterization with fs laser pump
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* DFB laser characterization with ns laser pump
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Gain-coupled DFB laser

*  Coupling coefficient Kk:
describes the amount of power transferred between the two contra-directional waves
* Index-coupling: the refractive index varies periodically and k is real
* Gain-coupling : the gain varies periodically and K is imaginary

* The gain-coupled optical feedback laser works better than index-coupled feedback laser
* Stable in a single longitudinal mode
* Immune to facet reflection (no need AR-coating)
* Eliminate the spatial hole burning
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

Colloidal QDs patterning with Ebeam
* No etchingis involved
* Periodically patterning

Left: the overall of the patterned grating. Right: the detail check of the patterned grating.

OhversTy | LIMeEC
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Fabrication process

(c) = cop (d)
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Gain-coupled DFB laser characterization with ns laser pump
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The lasing threshold is around 950
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Colloidal nano-platelets integration
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Wavelength (nm)

(a) Transmission Electron Microscope (TEM) image of 4
monolayers thick CdSe nano-platelets with an average
lateral area of 34 by 9.6 nm?. (b) Photoluminescence (blue)
linear absorption spectrum (black) of CdSe NPLs dispersed in
hexane, normalized to represent the intrinsic absorption
coefficient.
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Colloidal nano-platelets integration fabrication

The microscopy picture comparison SEM picture of the fabricated sample.
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COLLOIDAL QUANTUM DOTS AS GAIN MATERIAL

* Colloidal nano-platelets WG gain measurement
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OUTLINE
* Motivation
e Colloidal quantum dots as light emitting material
* SiN waveguide platform optimization
* Colloidal guantum dots as gain material
* Colloidal guantum dots as single photon emitter

* Conclusion
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

—

i
GHENT

Corr

Colloidal QDs’ single photon emission

35+

304

25 4

204

-200

UNIVERSITY

g?(0) =01

Corr

20

0

T T T
100 200 300

Time (ns)

T T
-100 0

V. Chandrasekaran, et al. Proceedings Symposium IEEE Photonics Society Benelux, 2016

measurement results of a si

100

80

60

40 4

g?(0)=0.1

\1® \',tl"{

\ -;u’, I}WU MU

| lmﬂ m“ J ' |
i r’, ril,\'I‘W\./lm-,?,L.J‘““M.m‘ﬁ}'rw% ! ‘m

T T
0 100

Time (ns)

T
-100

a@ (0 =0

W. Xie et al. Nano letters 15, no. 11

(2015): 7481-7487.
rul lueai siigie priviwuii suulce

hgle photon source by using the
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is the result with CW excitation, the red curve is the result

with pulsed excitation.
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

* Motivation to design a compact grating coupler

We would like to combine these dots with our SiN waveguide platform.
A compact grating coupler is need to

* Efficiently couple light from waveguide to a microscopy system

Small foot print to fit the field-of-view for high NA microscopy system

Laser pump

) Light out

Light out (

W SiN
W Si
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

e G@Grating coupler design
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

* Grating coupler design
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

e Ultra-compact SiN grating coupler for microscopy system

Light out

i

Lightin

I SiN
W Si
Al

—_

3I-NI|E\?|ETRS|TY “mmec

Fabrication Flow

Al Deposition a-Si Deposition SiN Deposition
a-Si a-Si
Ebeam Patterning and RIE Wet Etching CPD and Q, Plasma Clean
Etching
[ Resist | [Resist |
a-Si
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

* SiN layer with different stress

= Compressive stress Tensile stress
I
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

e Characterization
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He-Ne Laser

Sample Image

50 X Objective —
NA =0.65

Sample Richiele Iris
P Mirror

Microscopy system setup for the
measurement
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Measurement results: the black curve is the simulated
power couple to a microscopy system with NA=0.65;
the blue curve is the measured results with a 950 nm
distance between the grating coupler and the Al
substrate.
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

* WG with embedded monolayer QDs

Fabrication Flow

110nm H-F H-SiN on Si Pattern Au Marker CQD Patterning with EBL

Au Au Au Au

RIE Etching and CPD Grating Patte[ning with EBL 110nm H-F L-SiN on TOP
Embedded Dots
" EBLResist
Au roreve Au Au Au N
TN
B )
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

7 el
f \
e 7
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spectrometer 9 9
digital micromirror device EMCCD camera
' Siop Pumping spot=2» | *
(@ single photon Start

counter 2

e Characterization

Coincidence
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The schematic of the micro-photoluminescence setup diagram The captured image with the EMCCD camera. A top view SEM image of
the device structure is also shown on the right as a compare. The scale
baris 10 um.
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COLLOIDAL QUANTUM DOTS AS SINGLE PHOTON EMITTER

e Future work

Laser pump

+ ) Lightout

Light out |

W SiN
W Si

To combine the single dot patterning technique with the waveguide and the grating
- coupler to demonstrate a on-chip single photon source.
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CONCLUSION

* A low-loss hybrid SiN colloidal QDs integration platform
* Low loss SiN waveguide
* Low loss SiN waveguide with embedded colloidal QDs
* The emission of the colloidal QDs have been preserved
* Integrated laser with colloidal QDs
* WG based gain coefficient measurement
* Fslaser pump lasing
* Nslaser pump lasing
* Gain-coupled lasing
* The platform can be used for other nanocrystal integration
* Potential on-chip single photon emitter
* Ultra-compact grating for microscopy system
 Monolayer colloidal QDs integrated with waveguide and grating
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Thanks. Questions?
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CW PUMPING
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Second-order lasing emission
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Sargent Group: CW lasing demonstrated

F Fan, et al. Nature 1-5 (2017) doi:10.1038/nature21424

The key factor
* Improved heat management: heat sinking

* Improved pumping setup
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ELECTRICAL PUMPING

* Recent results from Klimov group show electrical pumping is realistic
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