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Ballistic electron refraction

lmfp =T Vr > Lgevice

. l.
=
5 ]
Ay el
ey
v
=: ‘5 iz
RmmacEe ]
i . = .
Rt SRR
ﬁ; e R
R e o o
25

Spector, et al. Appl. Phys. Lett. 56 (1990) 967.
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Ballistic electron optics

2DEG ballistic transport
* Snell’s Law
* Electron optics “lens”
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Analog of an optical convex lens

Spector, et al. Appl. Phys. Lett. 56 (1990) 967.

Conserve transverse momentum
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Ballistic p-n junctions in graphene
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Veselago lens
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Electronic switches

Theoretical n-p-n junction beam splitter
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Graphene field effect transistors (gFETs)

Bilayer (non-ballistic) Sawtooth gated ballistic monolayer
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Kim et. al. Proceedings of the IEEE 101, 7 (2013)
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Morikawa, et al. arXiv:1702.04039 (2017)
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Previous work: beam splitter
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Previous work: angular-dependent transmission
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PNP junctions Background by normal incident electrons
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Yet to be observed
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Challenges in achieving a sharp edge

Smooth junction edge Angle dependent transmission
(compared with A;) (sharp junction)
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Advances in graphene device fabrication

van der Waals Transfer 1D Edge Contacts
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Metallic gates

Rough junction
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Metric for device quality
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Straight edge junction

Smooth junction
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Measurement configuration
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Achieving a smaller incident angle

Zero magnetic field Transverse magnetic focusing (TMF)
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Transverse magnetic focusing in 2DEGs
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Transverse magnetic focusing in graphene
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Matched density TMF
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TMF across junctions

p, varying

S. Chen, et al. Science (2016).
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TMF across junctions

Magnetic Field (mT)
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Electron Optics in

Experiment vs. Simulation

Experiment R (Q)
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Explanation of kinks BEISER
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Compare different modes

Extract 15t order peaks:
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Snell’s law for ballistic electrons
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Angular dependent transmission y
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Toward sharper junctions
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Back to zero field
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Challenges with ballistic split-gate transistors
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» Diffusive scattering due to roughness at
device edges and gates boundaries

* Imperfect collimation of transport at
first gate

Deeper solution:
band structure engineering
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Graphene superlattices: Hofstadter
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Dielectric-modulated electrostatic gating

Induced charge variation on graphene
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510, patterning

Triangular 40nm pitch Square 35nm pitch
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Triangular superlattice
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One-dimensional superlattices

H-W Park et al., Nature (2008)
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Initial device design
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Measuring anisotropic transport
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Application to split-gate gFETs

Proposed device design

Superlattice parameters tuned to
suppress perpendicular conduction
(oL ~v, »0)

Right-angle junction to further collimate
ballistic electrons

Angled junction to switch on/off
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Summary

* High-quality ballistic graphene junction
* Negative refraction
* Angular dependent transmission

* Band structure engineering
e 2D superlattice gating achieved
* 1D superlattices near

* Future of electron optics switch
* Sharper junction
* Angled-gate with anisotropic transport
* Scaling for room temperature applications
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