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What Diffraction Limit?

Diffraction limit is a classical wave phenomenon

But lithography is governed by light-matter
Interactions

Light-matter interactions are quantum mechanical,
single photon processes, not classical wave
phenomena

A single photon is absorbed by a single molecule-
the feature size is the molecule, not the wavelength
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Image sensor pixel size ceceer?] p
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Within one diffraction limited pixel each
photon is absorbed by a single lattice site
<< diffraction limit
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CPAD,2024 Nanoscale Sensors

* Nanoscale feature size manufacturing allows customization of what
goes inside the diffraction-limited pixel

* Rather than bulk silicon, which has the properties that it has,
make a collection of coupled individual elements,
all within 1 wavelength of the light being detected
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CPADi2024 Why go to all the trouble?

* |n a traditional photodetector, like a silicon diode, one material does
everything:

* Absorbs the photon
* Turns the absorbed energy into excitations (eg e-h pairs)
* Propagates and maybe amplifies the excitations

* You can’t separately control each of these functions

* The point of a nanoscale hybrid is to separately control and optimize
each function

« This opens up more performance parameter space
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What can a pixel full of nanoscale sensors do? ,,’,_,,\,,l B
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AN (aka some serious nanoscale patterning) ’\|
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Carbon nanotubes

. Coated in quantum dots
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CMOS integration work- standard wafers ~— eeecer]
X

Post-process CMP on finished wafers
~10nm plqnarity

Long parallel
CNTs
Bridging a
trench like
this one

added CNT added contact

added dielectric

Wafer cored and olished

Courtesy ofAllgned Carbon | Inc
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NIST Nanotechnology Xcelerator Wafers /—\| ;n’ﬁ
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Nanotechnology
Xccelerator

https://www.nist.gov/programs-projects/nanotechnology-xccelerator
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Modeling on HPC
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ELEQTRONeX: Open-source electrostatic-
quantum transport framework for modeling
transport through nanomaterials on exascale

systems
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Sawant et al., Characterization of transmission lines in microelectronic circuits using the ARTEMIS solver, JIMMCT 2023
Sawant et al., A Coupled Electrostatic—Quantum Transport Framework for Exascale Systems, IWCN 2023
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OP%% Adding quantum dots to CNTs

Quantum dot density vs color wo(eV)
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Added QDs using DNA self-assembly

§_>
DNA strand\ j

Tikhomirov et al, Nature Nanotechnology 2011

100 nm EHT = 3.00 kv Signal A = InLens Date :23 Oct 2024
WD = 4.2 mm Photo No. = 73 Time :11:42:39

TEM and AFM of guantum dots attached to CNTs
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 The retina is not just a sensor, it directly processes the sensory input.
* This saves power down the road
A nanoscale hybrid sensor could do the same thing

 Example: spectral peak finding _ |
Nanoscale hybrid could directly output the

Channel number with the peak counts,
Instead of counts in every channel

(eg every channel slightly inhibits all
T others to implement a winner takes all)
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CPAD;2024 Conclusion ceecer?) p
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Lithography has been exceeding the diffraction limit for years
« feature size is given by light-matter interaction, not by light alone.

Nanoscale photon sensing applies this fact to optical sensors

 Diffraction-limited pixel sensor made of uniform bulk material is replaced with
architecture of nanoscale elements

Superior performance and new functionality can be achieved

Not only borrowing for sensing the physical principles from sub-diffraction-limit
lithography, but the nanoscale pattering achieved with to those principles is what
makes nanoscale sensors possible!

Wafers have been fabricated in two technologies (130nm standard CMOS) and
mid-process wafers (also 130nm) through the NIST Nanotechnology Xcelerator

Surface planarization, carbon nanotube placement, and decoration with quantum
dots have all been achieved.

Work starting to investigate processing as part of the sensing process itself
(before any readout and computing)
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