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Epigraphene: Epitaxial graphene on silicon carbide
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Epigraphene: Technology evolution over a decade

Tzalenchuk, Lara-Avila, Kubatkin, et al., Nat.

He, Lara-Avila, Kubatkin, Metrologia (2019):
Nano. (2010): Graphene is comparable or better

Graphene is the material of choice for quantum

than conventional GaAs technology. metrology of electronic quantities: The Ohm (Q2) and
Von Klitzing constant = R¢/2 = h/2e2 ~ 12.9064...kQ2 the kilogram (kg) as of May 20, 2019.
15 20 15 ‘ | | ]
‘ R — L . — | Part-per-
104 Xy T 9p2 R, y 10 | billion
] " ‘ accuracy at
5 7 A | 5/ T=4K |
. . pah - 12 S B<5T
< o0- o - 3z 00—
=3 R I"I _/// l" L 8 @
-5 VaVsanm VAN -5 — n=2x10" cm*
o |/ Part-per-billion | 4 o I
| |/ accuracy in R¢/2 at | - )
sl T=03KB=14T _\ |, 451 | | | |
-15 -10 -5 0 5 10 15 -10 -5 0 5 10

Magnetic flux density (T) Magnetic Field / T



CHALMERS vic2

UNIVERSITY OF TECHNOLOGY

Chemical doping of epigraphene withFATCNQ-PMMA

PMMA and Dopant blend Mobility
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Chemical doping is homogeneous over chip scale

QHE in 5x5 mm2 substrate
1 = 39,000 cm?/Vs, p = 9x10° cm (holes)
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Very close to Dirac point by chemical doping
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Logarithmic temperature dependence of resistance at low doping
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"~ Phys. Rev. Lett. 115
(2015)

Lara-Avila, et. al,
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(2011)
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...but graphene was known to have dR/dT~0 at low temperatures

10P Publishing

Journal of Physics: Condensed Matter
J. Phys,: Condens. Matter 27 (2015) 164203 (13pp)

0.1088/0953-8984/27/16/164203
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Principle and implementation of heterodyne detection

Mixer (multiplier), with gain Gy,
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THz astronomy has been dominated by superconducting
NbN and other hot electron bolometers

* Limited bandwidth — electron-phonon interaction is weak

* Relatively high heterodyne power — at least for for high speed devices
(MgB,) - prohibiting making arrays of sensors

e Sensitivity is 10 times the quantum limit

Can graphene help?
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Charge neutral epigraphene for bolometric-type of

detectors
% 1. Logarithmic temperature -> diverging sensitivity of
the resistive readout dR/dT ~ T1In(T) at low Temp.
100
2. Low heat capacity of graphene -> fast operation
80 -
G(T) =G, +G, ln(Ty 3. But, electron—phonon cooling time ...~ n0->T2
% diverges at charge neutrality and low Temp ->slow

&

operation.
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" 4. Other cooling pathways: electron diffusion cooling.
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Experimental setup in a nutshell
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Experimental setup in more detail

Gain bandwidth
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AC characterization: The device is faster than NbN!
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Time constant: 1/(2xf,) =20ps
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From diffusion cooling:

p = (1.5um)?/(7°0.01m?/s)) ~ 15ps

For NbN, fO < 5 GH2Z (see e.g. Astron.Astrophys. =/

5218, L6 (2010) and IEEE T Terahertz Sci. Technolo. 8 0102 05 1 2 5 10 20
, an rans. leranertz >Ci. 1eCcnnolo. o. .
(2018)) Detuning frequency, £, —f 5 (GHz)
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Diffusion cooling model (Dima Golubev @Aalto University)
/\ . G(T)=G, + G, In(T)

Joule heating balanced
by diffusive cooling: \
charge carriers dissipate  ,, _ L \/Vz + VP,
heat in the metallic

leads P..= Optical power that couples to graphene

I(V) = G(T,)V + le< Lt v (\/1+—u5+ u) _ 1)

u

Vi = \/ZX T().



CHALMERS VIE2

UNIVERSITY OF TECHNOLOGY

Differential resistance with THz source OFF
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Device response to radiat

Differential resistance, dV/d/ (Q)
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Bolometric mixer performance: Mixing gain G,..= P,-/P«

Mixing gain, G, ., (dB)
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H. Ekstrom et al., IEEE
Trans. Microw. Theory
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Only Johnson noise in graphene bolometric mixer
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Figure of merit: Mixing temperature
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Prediction of device performance on a space
mission (no background power, Py, = 0)
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At T,=0.2K, T.;,= 36 K, the detector is quantum-limited above 0.75 THz
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Summary

* Bolometric mixing of THz signals in epigraphene
doped to Dirac point, where sample resistance is 100 000
dominated by quantum localization, and thermal
relaxation is governed by diffusion cooling of
carriers.

10 000 o\odes

* At sub-Kelvin temperatures, T.;, = 36 Kiin an
optimized setup (or space operation), implying

qguantum-limited detection for f > 0.75 THz

1000 g —

100 ‘,"‘ =

Noise temperature (K)
\

* Response of 8 GHz in 1.5um device, could be

increased to 20 GHz in 0.8-1um long device I_
e 2x Quantum Limit

* Scalability of material and low Local Oscillator 10 &=
power requirements <100pW: attractive to envision 0.1 i 1 -~ 10
large arrays of quantum—limited detectors a >1THz requency (THz)
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Outlook

Long term vision: Imaging at THz
frequencies with graphene-based multi-
pixel THz detector arrays

e 1-3 years: Refine single pixel detector

* 5vyears: small scale arrays (~10 pixels)

13 x8
Currently, 3 proposals under evaluation at the
KAW foundation (Sweden), and under Horizon ' \Quantum Hall darray

2020 (Europe level together with DLR , Delft TU) s o o0 _
% —
1mm ¢

. i
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