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Abstract

Highly sensitive, broadly tunable detectors are needed for future sensing applications and quantum information systems.
A promising material for these challenges comprises stacked graphene sheets having a “magic” twist angle between their
in-plane symmetry axes. This material displays superconductivity with a~2 K transition temperature. We investigate a pro-
posed design for a fast and sensitive detector of THz and mm-waves based on antenna-coupled magic-angle-twist-graphene
Josephson junctions. The considered non-bolometric detection mechanism depends on the decrease in the maximum zero-
voltage DC current when AC current is driven through the junction. Finite element electrodynamic simulations favor the
bowtie over log-periodic, square spiral, and Archimedean spiral antenna designs. Responsivity, noise-equivalent-power, and

the prospects for single-photon detection are estimated.

Introduction

Emerging 5G and 6G (mm-wave to THz) technologies offer
an interesting new spectral domain for quantum communica-
tion and cryptography, which often demand both single-pho-
ton sensitivity and high speed [1]. A single-photon detector
of mm-waves to low-THz has been suggested recently for
this application [2]. An opportunity for a fast and sensi-
tive THz to mm-wave detector is a “video”-mechanism [3]
antenna-coupled, magic-angle-twist-graphene superconduct-
ing Josephson junction (JJ) [4]. JJs also have a bolometric
detection mechanism, which can be very sensitive, but the
video-mechanism has “very great speed advantage over the
bolometer” [3]. A superconducting “magic angle twisted
bilayer graphene” bolometer without a JJ detected via the
temperature dependence of the critical current [5]. JJ bolom-
eters using non-superconducting-graphene as the weak link
between conventional superconductors have demonstrated
single-photon sensitivity [6—10]. In contrast, this paper
considers a detector based on the video (non-bolometric)
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mechanism in a JJ-based entirely on superconducting-gra-
phene. The potential speed advantage of the video- over
bolometric-mechanism may have advantage for quantum
cryptography at high-bit-rate [11].

A “magic” twist angle between graphene sheets flattens
the electronic band structure near the Dirac point, creating a
high density of states and the possibility of superconductiv-
ity [12]. The superconducting transition temperature is~2 K
for 2—4 layers, and superconducting-graphene JJs have been
demonstrated [12]. This paper considers the possibility of
creating ultrasensitive detectors of THz and mm-waves by
coupling such JJs to antennas. Figure 1 (left) presents a
schematic of the proposed device design. Superconductiv-
ity in the magic-angle-twist graphene is achieved by suitable
gating. The JJ normal weak link is achieved by different
localized gating. Hexagonal boron nitride (hBN) is the gate
dielectric. DC current bias through the JJ is sourced through
the antenna (Source and Drain) while measuring the DC
voltage. The antenna collects THz/mm-wave radiation and
sources the associated AC current to the JJ at the feed.

Antennas collect THz/mm-wave radiation with an effec-
tive area that is orders of magnitude larger than any possible
graphene sensing element at the antenna feed. By definition,
absorption is 100% for radiation that falls within an anten-
na’s effective area [13], while the absorption of graphene
itself is thought to be less than 10% [5]. The excited antenna
currents are concentrated in the JJ load, thus amplifying the
AC voltage across the JJ that is responsible for the video
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Fig.1 (left) Schematic of proposed detector design, showing top
view with bowtie antenna and side view showing layers. Relative
dimensions are not to scale. S source, D drain, 7G Top gate, BG Back
gate, hBN Hexagonal boron nitride. (center) COMSOL simulations

detection mechanism. Antennas also provide wavelength
and polarization selectivity [14]. They are easily fabricated
into arrays and may be combined in series or parallel to
enhance DC output voltage or current, respectively. The
antenna function is largely independent of temperature, and
it is accurately predicted by numerical electrodynamic simu-
lations. Antenna coupling separates collection and detection
functions, so that each can be independently optimized [13].

Results

Figure 1 (center) compares COMSOL simulations of open-
circuit voltage at the antenna feed for four different antenna
designs [14]. A THz resonance is observed, and the bow-
tie gives the highest AC voltage. Figure 1 (right) presents
the current through an 800 Q load at the feed of a bowtie
antenna for 1 pW/pm? incident intensity. The inset shows
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of electric field at the feed for various antenna designs with no load.
(right) COMSOL simulation of current for bowtie antenna with 800
Q load and 1 pW/pm? incident intensity. (inset) Current distribution
in the bowtie, which has 80 pm length

the calculated AC current distribution in the antenna and its
concentration at the feed.

Figure 2 (left) presents JJ Voltage-Current (VI) curves
replotted from [12]. In the video detector mechanism, the
maximum zero-voltage-current /; (JJ switching current) is
depressed when an AC voltage appears across the JJ. Such
a voltage appears when an AC current is driven through a JJ
load, sourced by an antenna, because the AC impedance of
the JJ is non-zero even when the DC resistance is zero. The
device is current biased at the dark value of /,. When mm-
waves or THz are absorbed by a suitable antenna with the JJ
at its feed, /; shifts below the bias point, and a DC voltage
appears across the JJ. The sensitivity of the video detection
mechanism depends on the dynamic resistance (steepness)
of the VI curve at the bias point.

The I, value shifts similarly with increasing temperature
(Fig. 2), giving rise to the bolometric-mechanism, which
can be very sensitive. For such thermal detectors, speed is
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determined by the thermal time-constant, which is short for
graphene due to its small heat capacity. However, the non-
bolometric “video” mechanism is thought to be faster and
still very sensitive [3]. Experimentally, excellent thermal
grounding could suppress a bolometric contribution to a
video detector.

The resistively shunted junction (RSJ) model for JJ detec-
tors comprises an ideal junction with only pair tunnelling
current and a parallel shunt resistor R that carries only quasi-
particle current. The value of R is the normal state resistance
[3], which according to Fig. 2 (left) is 800 Q. THz photon
energies exceed the superconducting gap, so THz currents
pass mainly through R. Additional inductive reactance deter-
mined from the Josephson equations [3] depends on AC
current, so its estimation is complicated. We assume R, the
lower bound on impedance, for our responsivity estimates.

The shift 61, = — (Zesz/fza))zl1 /4 according to [3]. The
squared factor is the ratio of the pair energy difference on the
two sides of the junction to the photon energy. We assume
the detector is DC current biased at /;, which we take to be
the point with the maximum dynamic resistance R, =dV/d/.
Ry, and I, are found from the DC transport curves Fig. 2 (left)
and are plotted as function of temperature in Fig. 2 (right).
The shift results in a DC output voltage 8V, ,,=Rp0/;, and
this response is proportional to absorbed power. With imped-
ance mismatch between antenna and load already accounted
for in the COMSOL simulation, the maximum I, =130 pA
(Fig. 1, right), gives an absorbed power Iy, R =13.5 pW at
1.25 THz. The temperature dependence of the responsivity
(8V,,¢ / absorbed power) is plotted as solid black symbols in
Fig. 2 (right) and labeled “COMSOL”. The maximum value
is 7 MV/W. Responsivity is ~ 10 X smaller at T=1.7 K than
at 0.3 K.

Alternatively, the coupled power responsivity for a JJ
detector is S=Rp/2I|R Q% where nQ approximately equals
the ratio of photon energy to gap [3]. At 1.25 THz, Q ~5.
The impedance of the bowtie acting as a current source is
300 Q at the 1.25 THz resonance, so that it will couple 55%
of the absorbed optical power to an 800 Q load at its feed.
Accounting for this mismatch, we obtain the responsivity
curve given by open square symbols in Fig. 2 (right) and
labeled “coupled”. The results agree well with those of the
COMSOL simulation over most of the temperature range.
Since the impedance of a bowtie can be adjusted by chang-
ing its shape, responsivity can be improved.

By expanding the V-I data from [12], we find the broad-
spectrum noise amplitude to be~ 1 pV, as shown in the inset
of Fig. 2 (left). Thus, the noise-equivalent-power (NEP) is
not worse than 0.14 pW. It would be much smaller (better)
if we restricted the noise spectral bandwidth to just 1 Hz, as
is usually done via lock-in detection. An NEP of 0.14 pW,
corresponds to a photon flux at 1.25 THz of ~ 1 photon every
6 ns. The prospects for single-photon detection seem good.
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Fabrication and characterization

Device fabrication first builds a magic angle graphene
stack, fully encapsulated with hexagonal boron nitride
(hBN) flakes, using a cut-and-stack method described in
[5]. We use pyramidal polydimethylsiloxane (PDMS, Syl-
gard 180) stamps having ~ 180 pm plateau edge length. We
use poly(bisphenol A carbonate) (PC) film as a sacrificial
interface layer between the hBN and the PDMS [15]. The
20-80 nm thick hBN encapsulating flakes serve as gate
dielectrics. Fabrication has been completed this far. Next,
the stack will be transferred onto a prefabricated gold/
chromium back gate and heated to 175 °C to melt the PC
film, detaching it from the PDMS. The device chip will
then be cooled, removed from the transfer station, and
gently soaked in chloroform to dissolve the PC residue.
Next, we will apply bottom-gate contacts and top gates by
electron-beam lithography for bias control of the Fermi
level and creation of the JJ weak link, respectively. Bowtie
antennas will be fabricated by contact photolithography
with the stack placed at the feed of the antenna.

We will first measure the DC and rf electronic proper-
ties of the magic angle graphene and JJ in a 40 mK cry-
ostat. Optical measurements will be performed using a
Janis 8DT cryostat with immersion in pumped superfluid
He at 1.7 K. The source will be a backward wave oscil-
lator (Microtech Instruments) tunable from 160 GHz to
1.4 THz. For THz characterization in the 40 mK cryostat,
which lacks external optical access, we plan to use a ther-
mal source with THz bandpass filter filtering [16].

Summary

We considered an antenna-coupled Josephson junction
video detector entirely fabricated from superconducting-
graphene, in contrast to the well-studied JJ bolometers that
use a normal graphene weak link between conventional
superconductors [6—10]. The video detection mechanism
is expected to be faster than the bolometric-mechanism
[3]. Hence, the considered detector may have advantages
for certain applications, such as high-bit-rate quantum
communication and cryptography [11]. Responsivity,
noise-equivalent-power, and noise-equivalent-photon flux
for the considered design were estimated using published
voltage-current curves [12], numerical calculations, and
analytical theory. The estimate suggests that the device
has the potential to detect single-photons.
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