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Florida, Orlando FL 32816.

Abstract

Highly-sensitive broadly-tunable detectors are needed for future multi-domain sensing and
quantum-information systems. Layered graphene with “magic” twist-angle between 2 - 4 sheets
is superconducting below ~2 K. Demonstrated Josephson junctions in this material feature very
high dynamic resistance at the maximum zero-voltage current. Biased at this current, a small
microwave voltage across the junction shifts the voltage-current step, which results in a large DC
output voltage. A suitable antenna driven by external radiation can source the enabling AC
voltage across the junction. Detection by this non-thermal mechanism may be both fast and
sensitive. Our calculations indicate a noise-equivalent detectable photon flux of 1 photon per 6
ns. Additionally, there is a bolometric response, whose temperature coefficient of resistance we
estimate to have the promisingly high value 300%/K. Design, fabrication, response, twist-angle
tolerance, and characterization for antenna-coupled, superconducting-graphene,
Josephson-junction detectors of mm-wave and THz radiation are reported.

Introduction and background

Several reports of graphene-based Josephson junction (JJ) bolometers demonstrate
astonishing sensitivity at the single-photon level for microwave-to-visible wavelengths [1-5].
These JJs have used graphene as the normal weak link between two conventional
superconductors. Their bolometric sensitivity is due in part to slow thermalization of heated
electrons to the lattice temperature, and their speed is due to the small heat capacity of graphene.

Additionally, there has been a report of bolometric response in superconducting

magic-angle twisted bilayer graphene at 1.55 pm wavelength (with no JJ) [6]. A remarkably high

temperature coefficient of resistance of 300%/K was demonstrated.

Josephson junctions fabricated entirely out of superconducting magic-angle twisted
multilayer graphene have been reported [7]. In any JJ detectors, there is a “video” mechanism [8]
in addition to a bolometric mechanism. The former does not require the absorption of thermal
energy at the JJ weak link, in contrast to the bolometer. The video mechanism requires only the
appearance of an AC voltage across the JJ, without heat, so it is not limited by thermal
considerations. We have published our estimate for sensitivity of the video mechanism in
antenna-coupled all-graphene JJ detectors [9], where we suggested a noise equivalent detectable
photon flux of 1 per 6 ns at sub-millimeter wavelengths. That analysis is repeated in this report.

A feature of the non-thermal video mechanism is that it has “very great speed advantage
over the bolometer” [8]. This makes the video mechanism uniquely attractive for certain
single-photon applications. A hyper-sensitive bolometer might be preferred for applications such
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as detection of dark matter axions [10,11], which do not require high speed. A faster detector
would be preferred for applications such as quantum communication for high single-photon bit
rates [12,13]. Any parasitic slow bolometric response might be quenched by thermal anchoring
without affecting the video response at all.

Magic-angle graphene (MAG) is only superconducting when properly gated to adjust the
Fermi level into the region of the band structure flattened by the twist. The weak link is also
created by gating [7]. This sensitivity to gating allows one to turn the detector off when signal is
not expected, and gated detection is a well-established method for reducing detector noise.
Gating might also be used creatively to enable additional functionality, for instance to select
between differently oriented antennas for polarization selection. Such selection is needed in the
BB84 protocol for quantum cryptography [12].

Figure 1 presents schematics for our device design. The magic-angle graphene (MAG) is
sandwiched between hexagonal boron nitride gate dielectrics. The Fermi-level is manipulated by
a voltage applied to a uniform bottom gate, so that superconductivity will appear when the level
is at the flat-band created by the twist between graphene sheets. Top gates provide additional
control, so that the superconductivity can be confined to regions on either side of a normal weak
link, thus creating the JJ. On either end, the graphene is contacted by the tips of a bowtie
antenna, which collects the external radiation and sources AC current to the JJ. DC current bias
is applied, and DC voltage response measured, via the source (S) and drain (D) antenna contacts.

Figure 1. Schematics of antenna-coupled superconducting magic angle graphene
Josephson junction detector. Relative dimensions are not to scale. S = source, D = drain,
TG = top gate, BG = back gate, hBN = hexagonal boron nitride, MAG = magic-angle
graphene.
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Antennas collect THz/mm-wave radiation with an effective area that is orders of magnitude
larger than any possible graphene sensing element alone. Absorption is 100% for radiation that
falls within an antenna's effective area by definition [14], while the direct photon absorption of
graphene itself is thought to be less than 10% [6]. The excited antenna currents are concentrated
in the JJ load, thus amplifying the AC voltage across the JJ that is responsible for the video
detection mechanism. Antennas also provide wavelength and polarization selectivity [15]. 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 simulations. Antenna coupling separates
collection and detection functions, so that each can be independently optimized [14].

Results
The Phase I results section is organized by proposal objective. Accomplishments are given
under each objective.

Base Objectives 1 & 2. and Option Objective 3: Predictive model. detector design, design
iteration.

Base Objective 1 was to develop a predictive model. Base Objective 2 was to develop a
detector design. Option Objective 3 was to iterate the design. Activities and results of these three
objectives were mutually informative and inseparable, so they are presented together.

Figure 2 (left) compares COMSOL simulations of open-circuit voltage at the antenna
feed for four different antenna designs [14]. A THz resonance is observed. The bowtie gives the
highest AC voltage, informing the selection of the bowtie for our detector design. Figure 2

(right) presents the current through an 800 Q load at the feed of a bowtie antenna for 1 pW/um?

incident intensity. The inset shows the calculated AC current distribution in the antenna and its
concentration at the feed.
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Figure 2. (Left) COMSOL simulations 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/um? incident intensity. (inset) Current distribution in the bowtie,

which has 80 ym length.
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Figure 3 (left) presents JJ Voltage-Current (VI) curves replotted from [7]. 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 current, 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.
0.8 : : : :
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Figure 3. (left) Voltage-current curves for superconducting-graphene Josephson junction
from ref. [7]. JJ temperatures are indicated next to each curve. The inset is a blow-up to

reveal the ~1 PV noise level. (right) Temperature dependence of optimum DC current

bias, dynamic resistance at the bias point, and responsivity calculated by numerical
(COMSOL) and analytical (Coupled) methods,

The resistively shunted junction (RSJ) model for JJ detectors comprises an ideal junction
with only pair tunnelling current and a parallel shunt resistor R that carries only quasiparticle
current. The value of R is the normal state resistance [3], which according to Fig. 3 (left) is 800

Q). THz photon energies exceed the superconducting gap, so THz currents pass mainly through

R. Additional inductive reactance determined from the Josephson equations [8] depends on AC
current, so its estimation is complicated. We assume R, the lower bound on impedance, for our
responsivity estimates.

The shift in the maximum zero-voltage current of a Josephson junction is [§]

(e, 2 I
== | % (1)

The squared factor is the ratio of the pair energy difference across 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

Ry =dV/dl. 2)
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Ry and [, are found from the DC transport curves Fig. 3 (left) and are plotted as function of
temperature in Fig. 3 (right). The shift results in a DC output voltage

¢ Vouw = Rp oI, (4)

and this response is proportional to absorbed power. With impedance mismatch between antenna

and load already accounted for in the COMSOL simulation, the maximum Iy, = 130 pA (Fig. 2,
right) gives an absorbed power Iyy;,”’R = 13.5 yW at 1.25 THz. The temperature dependence of

the responsivitiy (8V,,, / absorbed power) is plotted as solid black symbols in Figure 3 (right) and

labeled “COMSOL”. The maximum value is 7 MV/W. Responsivity is ~10x smaller at T = 1.7
K than at 0.3 K.
Alternatively, the coupled power responsivity for a JJ detector is

S=Ry/2I,RQ?, (5)

where TTQ is approximately the ratio of photon energy to gap [8]. 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 Figure 3 (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 changing its shape,
responsivity can be improved.

By expanding the V-I data from [7], we find the broad-spectrum noise amplitude to be ~1

MV, as shown in the inset of Figure 3 (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.

The I, value also shifts down and the VI curve becomes less steep with increasing
temperature, Fig. 4 (left), giving rise to a bolometric detection mechanism. For such thermal
detectors, speed is 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 [8]. Experimentally, excellent thermal grounding could suppress a
bolometric contribution to a video detector. However, for some single-photon applications, such
as quantum LIDAR [16] and Dark Matter Axion detection [10,11], speed may not be as critical.
Then, a bolometric mechanism might be preferred, and the antenna could be configured to source
heat as opposed to an AC current to the JJ. This can be achieved by making the antenna arms
orthogonal to the JJ current direction.
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Figure 4. Voltage-current curves for 4-layer magic angle twist graphene Josephson
junction [7]. Temperatures are 0.22, 1.05, 1.5, 1.8, 2.0, 2.2, 2.4, and 2.6 K, with the end
values indicated. (right) Temperature coefficient of resistance vs temperature.

Figure 3 (right) presented a plot of R, versus T. From these data we obtain the
temperature coefficient of resistance (TCR), which is plotted in Figure 4 (right). Bolometer
responsivity is proportional to TCR. The maximum occurs at 1.9 K and has the value -300%/K.
This value is ~100x better than for room temperature VO, [17], the standard material for
long-wave IR bolometers. The temperature 1.9 K is easily obtained in a pumped-liquid-helium
optical cryostat.

Proper twist angle is needed for graphene superconductivity. Deviation from the magic
twist angle decreases T.. From empirical T, vs. n/ny data [7], where n is the gate-controlled
electron concentration, and the twist-dependent band density of states n, is known as function of
twist angle, we created a plot of T, vs twist angle, Figure 5 (left). Reducing T, at fixed T should
effect responsivity similarly as raising T at fixed T.. Thus, from Figure 5 (left) and Figure 3
(right), we obtain R, vs twist angle. Responsivity of video JJ detectors is proportional to Ry, Eq.
(5). Using maximum responsivity predicted for the video mechanism, we obtain the curve
plotted in Figure 5 (right). The full width at half maximum is about 0.1 deg, so that twist angle
accuracy should be better than this. Our electrically-controlled stacking-station turn-table has
0.004 deg accuracy.
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Figure 5. (left) T, as a function of twist angle. (right) Responsivity vs twist angle.

Base Objective 3 and Option Objective 2. Develop fabrication plan and characterize fabricated
components.
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These objectives are mutually informative, and hence will be summarized together.
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 [6]. Single layer graphene
is exfoliated on a wafer with electron-beam patterned location markers and confirmed by
micro-Raman spectroscopy. Exfoliated hBN flakes are produced similarly. We use pyramidal
polydimethylsiloxane (PDMS) stamps having ~180 pm plateau edge length to handle exfoliated
flakes via a sacrificial poly(bisphenol A carbonate) (PC) film as an interface layer between hBN
and the PDMS [18]. The 20-80 nm thick hBN encapsulating flakes serve as gate dielectrics.
Figure 6 (left) presents a photograph of the custom stacking apparatus that we assembled for this
process.

A back gate was prefabricated via electron beam lithography with 2.5 nm Cr and 40 nm
Au. Then, a flake of 20-80 nm thick hBN (2D Semiconductors) was transferred onto the back
gate and annealed at 500°C under flowing ultra-high purity O, and Ar gases to remove residues
from the transfer process [19]. Next, a stack of 20-80 nm hBN and twisted bilayer graphene
(NGS Naturgraphit), having a twist angle of about 1.1°, was built on another pyramidal trunk
stamp having a PC (Sigma 181625) interface layer [18]. The surfaces of graphene-on-stamp and
hBN-on-back gate were then inspected via atomic force microscopy (AFM) to identify clean,
bubble-free regions. The hBN-twisted graphene stack was aligned and released onto the hBN on
back gate such that the cleanest parts of each surface interface together. Each flake was picked
up at a temperature of 110°C and released from the stamp at 175°C. Fabrication has been
completed up to this step. Figure 6 (right) presents an optical microscope image with the flake
edges indicated by dashed lines.

Figure 6. (left) Photograph of stacking station comprising an optical microscope with (1)
a fiber-guided, in-line white illumination source and (2) long focal-length, plan
apochromat, infinity-corrected objectives; the stamp manipulator with (3) a toggle clamp,
(4) a tilt-tip goniometer, (5) 3-axis translation stage, and (6) a long-throw, motorized
translation stage; and the wafer manipulator with (7) a heated vacuum chuck, (8) a
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motorized rotation stage, and (9) a 2-axis translation stage. (right) Microscope image of
hBn/graphene/twist-graphene/hBn on back gate.

Edge contacts will be made to the graphene using standard electron beam lithography and
plasma etching techniques [20]. A top gate structure having a narrow channel to define the weak
link region in the graphene will then be lithographically defined, after which the antenna,
interconnects, and bond pads will be similarly defined and metalized. 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. For training purposes in photolithography and mm-wave
characterization, and to verify the predicted resonance response, Au bowtie antennas with
Au/Sb,Te; thermocouple junctions at their feed have been fabricated, as shown in Figure 7.

\ Y Ae \
£ =

Figure 7. Microscope image of antenna coupled Au/Sb,Te; thermocouple detectors on
Si0, wafer. Bowtie antennas of ~0.4 mm length are designed for 200 GHz resonance.
Ba; jective 4 an. tion objective 2: Characterization plan an: ice characterization

We will first measure the DC and rf electronic properties of the magic angle graphene and
JJ in a 40 mK cryostat operated as a fee-based user facility by U Mass Boston, Prof. Matt Bell.
Figure 8 (left) presents a photograph of this cryostat. Figure 8 (right) shows a mock-up of part of
an enclosure for the sample. Pin feedthroughs are for DC sourcing and measurement via twisted
pairs. The SMA feedthrough is for testing of photo response to 10 GHz AC voltage. The box
must be designed to enable wire bonding after the chip carrier is mounted in the box and wired to
the feed throughs to avoid blowing the device. After wire bonding, any manipulations that might
electrically disturb the device must be avoided. The devices must be grounding while making
any electrical connections. The finalized box design will be fabricated from oxygen free copper.
For THz characterization in the 40 mK cryostat, which lacks external optical access, we plan to
use a thermal source with THz bandpass filter filtering [21].
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Figure 8 (left). U Mass Boston dry dilution refrigerator. (right) Aluminum mock-up of
Copper sample box for mounting in UMB cryostat.

Optical measurements will be performed at UCF using a Janis 8DT cryostat with
immersion in pumped superfluid He at 1.7 K. The source will be a backward wave oscillator
(BWO, Microtech Instruments) tunable from 160 GHz to 1.4 THz. A photograph of the BWO,
which was an equipment donation from the U.S. Air Force Research Lab WPAFB, is presented
in Figure 9 (left). Figure 9 (right) shows that we are successfully used this source to characterize
other types of antenna-coupled THz detectors [22].
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Figure 9 (left) Photograph of BWO head, chopper, and TPX lens. (right) Demonstration
of antenna-coupled detector characterization using our BWO, together with
electrodynamic simulations [22].

Summary

This Phase I STTR effort established the design for an antenna-coupled Josephson
junction detector entirely fabricated from superconducting graphene with promise for
single-photon detection at terahertz and millimeter wavelengths. It predicted the responsivity
and a promising noise equivalent detectable photon flux for the video detection mechanism. It
predicted a large temperature coefficient of resistance, which is important to the bolometric
mechanism. It considered several potential applications, including high-bit-rate quantum
communication and cryptography, quantum LIDAR, and dark matter axion detection. A device
has been fabricated to the extent of sandwiching magic-angle twist graphene between hBN gate
dielectrics atop a back gate. Millimeter-wave antennas have been fabricated with a
thermocouple junction at the feed for measurement of antenna function. A plan for cryogenic
testing down to 40 mK has been formulated, and access to all necessary experimental apparatus
has been secured. A tunable backward wave oscillator (160 GHz to 1.4 THz) has been acquired
for characterization, and its functionality for determining resonant response of selective antenna
coupled detectors demonstrated.
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