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Exploiting quantum interference of charge carriers, epitaxial graphene grown on silicon carbide emerges
as a game-changing platform for ultrasensitive bolometric sensing, featuring an intrinsic resistive ther-
mometer response unmatched by any other graphene variant. By achieving low and uniform carrier
densities, we have accessed a regime of strong charge localization that dramatically reduces thermal
conductance, significantly enhancing bolometer performance. Here we present scalable graphene-based
bolometers engineered for detecting gigahertz-range photons, a frequency domain essential for super-
conducting quantum processors. Our devices deliver a state-of-the-art noise equivalent power of 40
zW/+/Hz at T = 40 mK, enabled by the steep temperature dependence of thermal conductance, Gy, ~ T*
for T < 100 mK. These results establish epitaxial graphene bolometers as versatile and low-backaction
detectors, unlocking new possibilities for next-generation quantum processors and pioneering investi-
gations into the thermodynamics and thermalization pathways of strongly entangled quantum systems.

DOI: 10.1103/pyd2-stcl

I. INTRODUCTION

Detecting extremely small powers of electromagnetic
radiation is essential in modern physics, where even the
faintest signals can carry valuable information. One promi-
nent example is the search for axions—hypothetical par-
ticles that could make up dark matte—which undergo
conversion into photons in a magnetic field, thus producing
an extremely weak microwave radiation [1-3]. Another
example is quantum information processing, where opera-
tions on qubits often involve single-photon or few-photon
signals that require precise, low-noise detection. In both
cases, bolometers provide an effective solution, extending
to the opportunity of a single-shot readout of the qubit state
[4-8]. These devices are temperature-dependent resistors
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that absorb radiation and are weakly thermally coupled
to a reservoir, allowing them to register minute temper-
ature increases. This enables accurate detection of tiny
power levels without adding significant electrical noise. In
a bolometer, minimizing electron-phonon coupling to the
substrate is crucial to ensure that absorbed radiation effec-
tively heats the electron system without rapidly dissipating
energy to the lattice.

Graphene doped to the Dirac point is an ideal material
for sensitive detection because a shrinking Fermi surface
at extremely low electron density imposes phase-space
restrictions for electron-phonon interactions. This allows
graphene to retain absorbed energy for longer, resulting in
higher temperature sensitivity and improved performance
for detecting extremely small power levels. However,
at high carrier density, graphene’s intrinsic temperature
dependence of resistivity is too weak for efficient bolome-
ter operation [9,10]. To address this limitation, one can
induce superconductivity in graphene by coupling it to
a nearby superconductor and leverage the superconduct-
ing transition. Indeed, impressive results were achieved
on a superconductor-graphene hybrid junction, with the
use of an exfoliated graphene flake insulated by hexagonal

Published by the American Physical Society
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boron nitride [11]. Open issues that remain in this approach
include scalability and, importantly, extending the oper-
ational temperature range of the proximitized-graphene
bolometer, which is bound to operate close to the super-
conducting transition in the superconductor.

Here we overcome these two critical shortcomings by
introducing a platform based on epitaxial graphene grown
on silicon carbide, a wafer-scale technology, allowing
uniform graphene doping close to the Dirac point [12].
In this system, the graphene layer exhibits an intrinsic
temperature dependence of resistance caused by quantum
interference of carriers in the presence of strong interval-
ley scattering [13—15]—a mechanism fundamentally dif-
ferent from superconducting proximity effects. Crucially,
this response is not bound by a superconducting critical
temperature; instead, device sensitivity increases contin-
uously as temperature decreases, making it exceptionally
well suited as a sensitive cryogenic radiation detector. We
demonstrate that below 200 mK, quantum interference
effects in graphene induce strong localization of charge
carriers, pushing the graphene bolometer into a qualita-
tively new transport regime. This leads to a remarkable
increase in both responsivity and thermal isolation from
the reservoir, with the potential to enable unprecedented
sensitivity of truly scalable graphene detectors.

Importantly, the graphene sensor presented has an
extremely low heat capacity approaching that of a single
degree of freedom, which translates into projected energy
resolution in calorimeter mode, envisioned in Ref. [16],
as low as kgT ~ 0.7 yJ = 0.7 x 10724 J at 50 mK. Thus,
it would provide a click-detector resolving a single pho-
ton with frequency above 1 GHz, which is a component
of the future quantum information processing toolbox
that has long been desired. Thanks to drastically different
physical mechanisms behind bolometric operation as com-
pared with previous reports of graphene-based detectors,
our devices perform at the state-of-the-art level, making
them promising for applications in quantum information
processing with superconducting qubits operating in the
gigahertz range, and for fundamental studies in this field.

II. SAMPLE DESIGN AND EXPERIMENTAL
SETUP

We have fabricated a wafer with 16 graphene strips
with different aspect ratios, and three Hall bars, aimed
at evaluating transport properties of graphene (the chip
layout is shown in Fig. 5 in Appendix A). To ther-
mally isolate graphene, the current leads were made of
aluminum, a superconductor with 7, of about 1 K. Con-
tacts were fabricated with an edge-contact geometry [17],
with use of 5 nm titanium as an adhesion layer. Hall
bar measurements confirmed the targeted carrier den-
sity n of approximately 10'° electrons/cm?, achieved by
polymer-molecular doping [18]. Magnetotransport data

for the longitudinal resistance hinted that localization
in graphene is caused by quantum interference effects,
which can be eliminated by application of a modest mag-
netic field, breaking time-reversal symmetry (see Fig. 7
in Appendix B). We conclude that upon lowering of the
electron temperature, the quantum-mechanical interfer-
ence of the charge carriers in graphene increases, and sets
graphene in the strong-localization regime, where effects
of electron-electron interactions further contribute to a
steeper temperature dependence of R.

In this article we focus on the performance of two
samples with high aspect ratio, demonstrating excellent
bolometric performance. They were 2 x 8 wm? strips,
measured in two different dilution refrigerators with base
temperatures down to 60 and 30 mK. Above 60 mK, both
samples demonstrated consistent results, even though they
were evaluated in different measurement setups. In what
follows, we analyze the data taken on sample A measured
down to the lowest temperature, and present the perfor-
mance of the reference sample (sample B) in the heat
conductance measurements.

The experimental measurement setup is schematically
presented in Fig. 1; essentially, we measure the heat con-
ductance between the graphene electronic system and the
substrate, using quantum interference—induced R(7) as a
thermometer for the graphene electronic system, assuming
that the substrate temperature follows the base temperature
of the cryostat. To monitor graphene resistance with good
precision and minimal heat load, we used an rf scheme,
suggested in Ref. [19]: relatively high graphene resistance
was matched to the input resistance of a low-noise ampli-
fier at a frequency of 650 MHz by a lumped-element
resonator with quality factor O & 100. A separate dc line
allowed us to apply control power to the graphene sam-
ple [see Fig. 1(a)]. The rf scheme was accompanied by
a dc measurement setup, which was also used for the
bolometer calibration with heating at a known Joule power,
while the electronic temperature of graphene was mon-
itored by the rf conductance measurements. To avoid
sample overheating by the rf probe power, we performed
measurements at low rf powers—detailed information is
presented in Sec. V and Appendixes H and 1. The dc
bias line was thermalized and filtered by thermocoax cable
(https://www.thermocoax.com/) followed by lumped ele-
ment filters; its thermalization was checked in separate
experiments.

Figure 1(d) presents the calibration data for rf readout of
the graphene electronic temperature: graphene resistance R
and transmission resonance > min Were both measured as
a function of the fridge temperature 7. Cooperatively, R(7T)
and Sy min(7) define the minimum on transmission S21 min
as a function of graphene resistance S7; min (R) [technically,
both R(T) and S min(7) were interpolated with polynomi-
als—see Appendixes C and D—to produce the Sz min(7)
functional dependence].

064007-2



QUANTUM-READY MICROWAVE DETECTION WITH. .. PHYS. REV. APPLIED 285, 064007 (2026)

(@ s—J
Port1 Port2 244
Vo g 22 (d) ———
= AT :}120_ omy 19 -°°°o ® 4107
187 ISOO mKV
16

LN B B |
630 645 660 675

S’M ,min (dB)

%
11
0000,
©0000g 10°

Cu powder
land RC filter|

Superconducting

Leads

25 50 75 100 125 150 175 200
T (mK)

<
5

FIG. 1. Monitoring graphene electron temperature by radio frequency. (a) Cryogenic setup for rf notched transmission measure-
ments on a graphene bridge. (b) A set of resonances on S,; transmission measured at different temperatures. The resonance quality
factor follows the temperature dependence of graphene bridge resistance. (c) Optical transmission image of an 8 x 2 wm? graphene
bridge, contacted by superconducting aluminum electrodes to eliminate electronic heat transport to the leads; the 8-pwm-long graphene
bridge suppresses undesired supercurrent due to the proximity effect. (d) Transmission S,; for monitoring the graphene resistance and
electronic temperature. The minima on transmission Sy (7) at resonance [(b)] vs the fridge temperature 7 (blue plot) and dc resistance
measurements R(7) made on the same bridge (red plot). Together, R(T) and S, (7) establish one-to-one Sy;(7) <> R correspondence.
Both R(T) and S, (7) have a tendency to saturate at low temperatures—possibly due to improper thermalization (see the main text).
VNA, vector network analyzer; MXC, mixing chamber.

III. BOLOMETRIC RESPONSE OF GRAPHENE where we present graphene electronic temperature 7, as a
SENSOR function of the dc bias voltage for different cryostat tem-

With the thermometry setup calibrated [Fig. 1(d)], we  peratures 7. Note that as the bridge resistance diverges at
applied a dc voltage to graphene terminals, overheating the 7 — 0, for any given bias voltage V, the injected power
strip, and measured the graphene electronic temperature in ~ ¥?/R — 0, so below some temperature the power dissi-
response to dc heating. The results are shown in Fig. 2(a),  pated on graphene becomes lower than uncontrolled heat
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FIG. 2. (a) Graphene electronic temperature Ty, as a function of the dc bias voltage Vy; a set of curves taken for different cryostat
temperatures. (b) Same data presented as a function of the injected dc power Vér /R(Ty); only the data for the lowest fridge temperatures
(45-80 mK) are presented for clarity. Symbols are for experimental data taken at cryostat temperatures of 40 mK (blue diamonds), 50
mK (red squares), 60 mK (magenta triangles), 70 mK (green circles), and 80 mK (violet crosses). The solid curves are fits to the power
law Ty = (Py/0 + T’g)(l/ﬂ) with 8 =4.7,0 =2 x 1071 W/K#, and T, = 49.5, 51.0, 61.0, 68.5, and 84.0 mK. The straight dashed
black line has a slope of 4.7 (Pg: ~ Tg;).
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flux from a nonthermalized environment (see Sec. V for
details). This is why the T, (V) curves taken at the low-
est temperatures (50 mK or less) are flattened around the
minima.

As the next step, we map the voltages on the horizon-
tal axis onto dissipated powers: for any point (Vy, Ty) in
Fig. 2(a), the calibration curve in Fig. 1(d) (blue) gives
us the graphene temperature, and the corresponding dis-
sipated power is thus Vér /R(Tg). The results of this trans-
formation are presented in Fig. 2(b); only the plots for the
lowest fridge temperatures are shown. Figure 2(b) shows
the central plot of this contribution, which presents the
bolometric response of the graphene device. Together with
experimental data, Fig. 2(b) also presents fits to the stan-
dard bolometric equation Py = (T(ngr — Tg) [20], which
is based on the power balance condition between the
graphene strip and its environment. If the environment is
perfectly thermalized, 7 matches the fridge temperature
T, but it is not uncommon that below 100 mK the effective
environment temperature does not follow T; see Sec. V
for more details. For all fridge temperatures presented in
Fig. 2(b) the fit, optimized for the intermediate power
range 10715-10713 W, returns the same values for the
parameters o = 2 x 107! W/K# and B = 4.7; at higher
temperatures the exponent 8 slowly rises to 4.8 at 200
mK (more arguments in favor of g ~ 5 are presented in
Appendix E). At zero power, the plots taken at 60 mK
and above saturate to the fridge temperature, consistent
with graphene being perfectly thermalized to the substrate.
However, at lower temperatures, the graphene temperature
saturates to 50 mK regardless of the fridge temperature

(a) (b)

(for a full dataset taken at different fridge temperatures, see
Appendix F).

At high powers/temperatures, we observe a deviation
from T*7 power dependence, apparently linked to the leak-
age of heat through quasiparticles in Al superconducting
leads [21,22].

IV. ELECTRON-PHONON COUPLING AND NOISE
EQUIVALENT POWER

Having the numbers for o, B, and Tj in Py = O'(Tgr —
Tg ), we produce a plot for thermal conductance Gy, (7)) =

dPg /dTy = Bo Tgf_l), presented in Fig. 3(a). The data for
two graphene strips with the same geometry, 2 x 8 pm?,
were obtained in two different cryostats; although the low-
est temperature was different in the two setups, we see that
the thermal conductivity Gy, in both experiments follows
a universal power law Gy, ~ T [blue line in Fig. 3(a)].
The power law Gy, ~ T3 is consistent with the encourag-
ing observation P ~ T*7, shown in Fig. 2(b). It has much
stronger temperature dependence than previously reported
electron-phonon couplings in graphene [10,23-28].

This observation correlates with another unexpected
result, which is the observation of Arrhenius-type conduc-
tivity for T < 200 mK [Fig. 3(b)]. Altogether, the findings
suggest that we reach new physics in the heat transfer pro-
cess from the graphene electronic system to the substrate
lattice. We attribute this heat transfer regime to the onset of
strong localization of charge carriers at low temperatures,
caused by quantum interference (see Fig. 7 in Appendix B)
of the charge carriers in graphene in the presence of a

1073} : ]
< —
S 2 1
(55 O
O sample A
O sample B
e
10714 1 1
0.05 0.1 1

Ty (K)

FIG. 3. (a) Graphene thermal conductance Gy,(Ty) = Bo Tgrs ~ as a function of graphene temperature Ty, Data are presented for

two samples of identical dimensions W x L =2 x 8 um?

, measured in two different cryostats (with base temperatures of 30 mK

for sample A and 60 mK for sample B). Both datasets have similar slope B — 1 ~ 3.7 in a log-log plot. The solid blue line is for
the fit Gu(Ty) = S0 Ty, with o =2 x 1079 W/K*7. (b) Graphene conductance as a function of temperature. The red curve is a
fit to the Arrhenius law In(Ggr) = —Ear/(kpTy) — 9.67 with Exr = kg x 0.32 K. The green line presents the logarithmic depen-
dence (Gn/4)(e?/h) In((T/T")) with G = 0.69 and T" = 0.0358 K. Transition from weak to strong localisation occurs at per square
conductivity on the order of €? /A (dashed black line), consistent with the interference-induced Anderson localization picture [15].
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specific type of disorder [13—15]—such a scenario was
mentioned in Refs. [29,30].

The unusual electron-phonon decoupling observed in
this experiment has profound implications for the per-
formance of graphene as a bolometer. The figure of
merit for a bolometer is its noise equivalent power
(NEP) [31,32], obtained from the standard formula NEP =

4kpT2.Gin ~ T 2;85. The measured electron—phonon cou-

pling corresponds to an estimated of noise-equivalent
power (NEP) of approximately 20 zW/«/Hz at T =
40 mK. Below 40 mK, the estimated NEP of prop-
erly thermalized graphene would therefore surpass what
is, to our knowledge, the best reported value of

20 zZW/+/Hz [33].

V. DISCUSSION AND OUTLOOK

We have measured the electronic temperature of our
graphene device with the rf transmission technique as a
function of the dc power applied to graphene and estimated
G, from the data obtained. Applying a standard approach
to evaluate the performance of the graphene bolometer in
terms of NEP = /4kp T2 Gy, we estimate an expected NEP
of approximately 20 zZW /+/Hz at the cryostat base temper-
ature of 40 mK (see Fig. 4, blue). However, the apparent
saturation of the electronic temperature of graphene at 50
mK at low cryostat temperatures limits the NEP to approx-
imately 50 zW/+/Hz. This temperature saturation cannot
be attributed to microwave heating or measurement arti-
facts. Even under conservative assumptions, the applied
microwave excitation dissipates only about 14 x 10718

12x10"°F @ Measured E

O Expected

1.0x 107"

8.0 x 10720

6.0 x 10720 |

NEP (WAHHz)

4.0x10720

2.0x 10720

0-0 1 1 1 1 1
30 40 50 60 70 80

T (mK)

FIG. 4. NEP of the graphene bolometer as found experimen-
tally (violet circles; the numbers next to violet circles are for the
graphene electronic temperatures 7p—see Fig. 2) and as expected
for the case of a graphene sample thermalized to the fridge tem-
perature (blue circles). The blue line corresponds to +/4kz T2 Gy,
with 8 =4.7and o =2 x 10710 W/K*7.

W in graphene, corresponding to a negligible tempera-
ture increase of roughly 4.5 mK, which is too small to
account for the observed saturation. A detailed analysis
of this power estimation is provided in Appendix H. The
saturation is therefore more likely caused by heat load-
ing from nonthermalized environmental components, such
as two-level fluctuators in the substrate dielectric and/or
nonequilibrium quasiparticles in the aluminum leads. It
is common knowledge that heat exchange with a non-
thermalized environment leads to temperature saturation
in engineered quantum devices at the level of 5070 mK
[34-43], consistent with our observations. An indepen-
dent analysis of the dc V-I characteristics, presented in
Appendix I, yields an estimated overheating power of
3 x 107! W. This value is in reasonable agreement with
the power o T*7 = 1.5 x 107! W that would be injected
from a nonthermalized environment at a temperature of
50 mK. Under proper thermalization conditions, the esti-
mated NEP for 10 mK is 0.35 zW/+/Hz, which is not
far from the estimate made in our previous work [26].
The main difference between the measurements reported
in Ref. [26] and the current measurements is the lower
temperature range, providing an opportunity to convinc-
ingly reach the strong-localization regime, favoring better
bolometric performance at low temperatures. We attribute
this result to a synergistic effect of the onset of strong
localization of charge carriers in graphene at low temper-
atures, caused by quantum interference of charge carriers,
and a consequence of a better, lower-noise, less invasive
graphene temperature readout, provided by the rf transmis-
sion scheme, implemented in this work. To get a better
bolometric performance, we need to improve graphene
thermalization at low temperatures, which, for a bolomet-
ric device, is especially challenging due to the otherwise
beneficial, or even mandatory, thermal decoupling of the
graphene bridge from the phonon bath.

In view of prospective calorimetric applications [44], it
is instructive to evaluate the heat capacity of the graphene
bridge. The Fermi level in graphene is given by Ep =
hvps/mn [45,46]; for Fermi velocity vy =1 x 10° m/s
and for the carrier density n = 10'° cm~2, we arrive at
Er/kp = 122 K. Assuming operation temperature 7 = 50
mK, we can estimate the number of electrons in a kg7
slice around the Fermi level (the one contributing to the
heat capacity) for S =2 x 8 wm? graphene bridge as
2(kgT/Ep)nS ~ 1. This is a quite remarkable result that
shows that as a bolometric sensor, our graphene bridge
is equivalent to a quantum dot with a single degree of
freedom and heat capacity C, &~ kg. Therefore, the inter-
nal thermal response time of the graphene strip (C/Grp) =
(2kgnS /(50 T*"Tr)) = 1.2 ns at 50 mK, and in practical
implementation of the calorimeter the bandwidth of the
device readout scheme must be engineered to balance the
trade-off between the device response time and sensitivity.

The energy resolution is then [47,48] AE = /kzgT*C, ~
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kgT = 0.7 x 1072* ] = 0.7 yJ, which corresponds to an
energy of a single 1 GHz photon.

VI. CONCLUSIONS

We have demonstrated that a simple and scalable
graphene micrometer-sized strip, cooled to millikelvin
temperatures, offers zeptowatt sensitivity in a bolomet-
ric regime, thanks to its temperature-dependent resis-
tance, caused by quantum interference effects, and thermal
decoupling. This performance opens the path for scalable
high-performance devices in quantum information tech-
nology, such as a click-detector resolving a single 1 GHz
photon, or for effective realization of solid-state multichan-
nel quantum tomography [49]. Moreover, our technology
could be suitable to tackle challenges in cosmology and
astronomy, fields where traditional detection of faint radi-
ation has resulted in major breakthroughs [50]. Finally,
the device core graphene bridge, hosting interacting two-
dimensional electrons in a strongly localized regime, is a
promising object for studies of thermalization dynamics of
nonergodic many-body localized systems [51].
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APPENDIX A: CHIP LAYOUT

Four identical chips with an approximate size of 3.5 x
3.5 mm? were fabricated on a silicon carbide/epigraphene

W=2um;L=8pum

FIG. 5. Chip layout: reflection image in an optical microscope.
One of the graphene strips (2 x 8 pm?) is shown, together with
the Hall bar HB3, which was examined for magnetotransport.
Bright leads represent the Al film.

wafer with dimensions of 7 x 7 mm?, doped to a low
carrier density, and cut into individual chips. Each chip
contained four sets of graphene strips with different aspect
ratios, contacted by superconducting aluminum and three
Hall bars for monitoring the carrier density in graphene;
see Fig. 5.

APPENDIX B: MAGNETOTRANSPORT
MEASUREMENTS

The performance of one of the four chips described in
Appendix A was evaluated in a separate cryostat, demon-
strating a quantum Hall plateau at fields of around 1 T, and
a carrier density of 4 x 10'° cm~2; the corresponding mag-
netotransport data are shown in Fig. 6. The chip described
in this work was measured in a dilution refrigerator with a
magnetic field of 0.2 T; the results are presented in Fig. 7.
Despite an apparent R,.-R,, mixing at low fields, where
the sample resistance increases due to quantum interfer-
ence, the slope of the R,, plot of 29.5 k2/T confirms that
the carrier density remains low, on the order of 10!° cm~2.

APPENDIX C: S;(T) CALIBRATION PLOT

Here we illustrate a polynomial fit for S;;(7). Trans-
mission Sy; at Vpis = 0 was measured separately with a
long averaging time at fridge temperatures in the range
40-200 mK to produce the calibration plot Sy; — Ty
shown in Fig. 8.

APPENDIX D: R(T) CALIBRATION PLOT

Here we illustrate our interpolation of R(7). The
graphene resistance was measured in direct current at zero
bias voltage as a function of the fridge temperature (at zero
bias voltage); see Fig. 9.
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FIG. 6. Magnetotransport data taken on a test sibling device
in a separate cryostat. (a) Data obtained for a Hall bar marked
by a red square in the chip image (see the inset). (b) Two-point
measurements on a graphene bridge—see the inset image. From
these measurements, we extracted a carrier density of approx-
imately 4 x 10'° cm™2 for the sibling device. The appearance
of well-defined quantized Hall values confirms that the material
is genuine monolayer graphene, as the observed plateaus cor-
respond to the anomalous quantum Hall sequence characteristic
of graphene. The fact that the two-terminal measurement on the
Hall bar yields the correct quantized resistance also indicates that
the metal-graphene contact resistance is negligible at this level.

APPENDIX E: GRAPHENE TEMEPRATURE
VERSUS HEATING POWER: Py, ~ Tgr VERSUS

Pgr ~ Tgr

Here we compare two exponents in the power-
temperature dependence. To evaluate the exponent 8 in
Py ~ Thy, we plot T3, and Ty, versus the dissipated power
Py in Fig. 10. We see that for T;(Pgr) all the data points
are aggregated along the straight line, suggesting that 8 is
close to 5.

(a) g00 . . . . i

400 |

R (kQ)

T

200

(b)

R, (k)

-0.2 0.0 0.2

FIG. 7. Magnetotransport measurements on graphene Hall bar
HB3, taken at several temperatures: 270, 320, 370, 420, and 470
mK. (a) R, /LJ(B) plot, demonstrating delocalization of graphene
charge carriers in a magnetic field, breaking time-reversal sym-
metry. (b) R,, measured on the same Hall bar: an obvious mixing
of R,, and R,, at zero field is present, but an overall slope of
—39.5 k2/T can be seen, which is consistent with the estimate
of the carrier density of 1.6 x 10'° cm~2,

300 T T T T
200 E
<
£
~
100 | E
e © Measured
Polynomial fit
O 1 1 1 1
1 2 3 4
ds,, (dB)
FIG. 8. 831 — Ty calibration plot. The calibration curve is the

best polynomial fit Ty (S21) = a(dS21)® + b(dS21)? + c(dSy) +
d, where dS;; = S —15.6 dB, a =0.00715, b = —0.03543,
¢ =0.09803, and d = —0.01529. The polynomial fit was per-
formed over temperatures in the range from 60 to 200 mK to
exclude the region where the sample temperature saturates.
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FIG. 9. Graphene resistance R vs temperature 7. The inter-
polation curve is given by InR = a/T?> + b/T + ¢, where a =
0.00701, 5 = 0.1703, and ¢ = 10.43.

APPENDIX F: GRAPHENE TEMPERATURE
VERSUS HEATING POWER: FULL DATASET

While in the main text we concentrate on the per-
formance of the graphene bolometer at a few selected
temperatures, in Fig. 11 we present the full set of acquired
data. As Py, — 0, the plots saturate at the corresponding 7.
For temperatures in the range 7' < Ty < 200 mK, the plots

~
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FIG. 10. Graphene temperature T, to the (a) fifth and (b)
fourth power vs the power Py, dissipated in graphene. Note the
linear dependence in (a).
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FIG. 11. Graphene temperature Ty vs heating power P, for

different fridge temperatures 7.

reveal the dependence of Py, ~ Tgr; above Ty ~ 200 mK,
there seems to be a crossover to a different slope. We
speculate that the temperature of 200 mK corresponds to
the onset of heat conductance through quasiparticles in Al

electrodes.

APPENDIX G: GRAPHENE TEMPERATURE
SATURATION AT LOW FRIDGE
TEMPERATURES

The plots in Fig. 12 show in more detail the overheat-
ing of the graphene bolometer due to a nonthermalized

350
300

<250t

\E/200-

=150

100 +

50 o

1x107®1x 10761 x 107" 1 x 1072 1 x 1070

Pgr (W)

1x107%1x 1076 1 x 1074 1 x 1072 1 x 1070

Pgr (W)

400
350 |
300
< 2s0f
~ 200
FE’150 F
100
50 [o—cees

0 "
1x10781x 10716 1 x 1074 1 x 10712 1 x 100

Pgr (W)

0
1x10781 % 10716 1 x 1074 1 x 10712 1 x 1070

Pgr (W)

FIG. 12. Experimental data for Ty vs Pg (diamonds) for
fridge temperatures 7' = 55, 50, 45, and 40 mK. Solid lines are
fits t0 Ty = ((Pgr/A) + T3)'/> with the same 4 = 3.5 x 10710
W for all plots. The saturation temperatures 7y = limpgﬁo Tor
extracted from the fits are 57, 51, 49, and 49.5 mK.
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environment, resulting in graphene temperature saturation
above the fridge temperature at low dissipation powers.

APPENDIX H: EFFECT OF THE MICROWAVE
MEASUREMENT POWER: UPPER-BOUND
ESTIMATION

Here we discuss the details of the thermalization for the
measurement leads and possible effects of the microwave
excitation power, used in our thermometric setup. The
proper thermalization of microwave lines is ensured by
a set of attenuators on the input channel and a double-
junction isolator (34 dB) at the output. All measurements
presented were done with a vector network analyzer output
power of —60 dBm; with 46 dB provided by attenuators
and accounting for an extra 7 dB loss in the combiner (3
dB) and cables (4 dB), we arrive at the excitation power on
a tank circuit of —113 dBm. At 50 mK, the tank circuit is
essentially in a critically coupled regime: the S, resonance
is 7.5 dB deep [see Fig. 1(b)]. For a critically coupled
resonator, the power Pgiss dissipated in the resonator is
half the excitation power, i.e., —116 dBm (2.5 fW). How-
ever, only a small fraction of this power a = Rp/Rg; is
absorbed by graphene, where R, is the graphene resistance
(7.63 M2 at 50 mK) and Ry = Q;+/L/C is the equivalent
dissipative resistance of the resonance circuit. Given the
tank circuit parameters Q; = 440 [for a critically coupled
resonator Q; = 2f /Af, and the linewidth Af is shown
in Fig. 1(b)], L =47 nH, and C =1 pF (by design), we
arrive at Rp = 95 kQ and o = 0.012. The heat conduc-
tance Gy, = 1.45 x 10~'* W/K is known from Fig. 3(a),
so we can estimate the overheating due to the measure-
ment power as ATy = (0Pgiss/Gmn) = 1.5 mK at a fridge
temperature of 50 mK. Reiterating these calculations for all
the relevant temperatures, we produce Fig. 13 for ATy, at
different fridge temperatures. We see that at, say, 40 mK,

[ J

6 ]
9 [ ]
E 4t X >
= . ‘
> [ ] ..
< ° °

2t .... ]

0 1 1 1

20 40 60 80 100

T (mK)

FIG. 13. Upper-bound estimation for the graphene overheat-
ing due to the microwave measurement power for different fridge
temperatures 7.

the overheating due to the measurement power does not
exceed 2.5 mK, and therefore could not account for the
observed graphene temperature saturation to 50 mK.

APPENDIX I: VOLTAGE-CURRENT CURVES
MEASURED ON DIRECT CURRENT: MODEL
PREDICTION VERSUS MEASUREMENTS

We now substantiate the main underlying assump-
tion of our model: that the power-resistance relation of
the graphene bridge arises solely from the bolometric
effect, and no intrinsic nonlinearity (due to, for example,
Coulomb blockade effects) is involved. Using graphene
bridge parameters extracted from microwave measure-
ments, we reconstruct the expected V' — I characteristics
and show that they agree with the experimental data.
The procedure is as follows. First, the graphene temper-
ature Ty is set equal to the refrigerator temperature. The
graphene resistance R is then obtained from the polynomial
calibration InR = (a/T%) + (b/T) + ¢ (see Fig. 9). For a
given dc bias /, the dissipated power in graphene is cal-
culated as Py, = RI?. The resulting electron overheating is
determined from the thermal balance relation, yielding an
updated graphene temperature Ty, = ((Pg/0) + Tgr)(l/ 25
We iterate the procedure until a self-consistent solution
satisfying T’gr(l ) = Ty(I) is obtained. The results of these
calculations are presented in Fig. 14 as a set of Ty (/) plots
corresponding to different fridge temperatures.

Finally, we use the same In(R) calibration to convert the
plots for Ty into corresponding V-I plots V = R(Tg(1))]
as shown in Fig. 15.

We find that at 60 mK and above, the theory closely
matches the experiment. However, at 40 mK and below,
the experimental curves develop a region with negative

140 | .

40 1 1 1

0 50 100 150 200
I (pA)

FIG. 14. Graphene temperature T, as a function of dc bias /
for different fridge temperatures 7.
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Model Experiment
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FIG. 15. Calculated (left) and measured (right; symbols corre-
spond to experimental data, and lines are guides for the eye) V-/
curves at different fridge temperatures 7.

dVl/dl, and the model fails to reproduce this behavior. We
speculate that this discrepancy arises from strong fluctua-
tions of graphene temperature at low refrigerator temper-
atures. In our model, the R(7) calibration connects two
time-averaged quantities: the average graphene tempera-
ture (T, (7)), and the average graphene resistance (R(?));.
This approach is valid only when the temperature fluc-
tuations 87(7) are small (87(¢)); K (Tg(?)),. If the fluc-
tuations become large, the relation (In(R)); = a/(T (t))t2 +
b/(T(f)); + c no longer holds, and the calibration needs to
be revised. We leave this refinement to future work on the
graphene calorimeter.

3.2 T T T T T L]
P (fw)
—0
16F 01
—0.2
—0.4
: 0.8
0.8} ,, 16 1
S 3.2
é —o— Data
® 04l ]
0.2} -
0.1

5 10 20 40 80 160 320 640
I (pA)

FIG. 16. Effect of the background heating power P on the
shape of graphene resistance R(/) = V/I vs bias current curves.
A set of theoretical curves and experimental data (red circles cor-
respond to experimental data, and the red curve is a guide for the
eye) at the fridge temperature of 60 mK.

Nevertheless, we can still use the model at 60 mK
to estimate an upper bound on the uncontrolled heating
power (e.g., from wiring losses or nonthermalized radia-
tion shields). Figure 16 shows a set of V/I versus [ curves,
calculated for different assumed heating powers P.

As evident from Fig. 16, an external heating reduces
the V/I value at zero current bias and introduces a flat
(zero-slope) region. Comparing the theory plots versus
experiment, we deduce 3 x 107! W as an upper limit
for uncontrolled external heating. Although the source of
overheating cannot be directly inferred from the data in
Fig. 16, we can make a crucial observation: the power
injected by the substrate at a temperature of 50 mK is
0 (50 mK)*7 = 1.5 x 1071 W. Thus, two independent
experiments—graphene temperature measurements in a
microwave setup and dc V-/ measurements—yield values
of P and T, or that satisfy the relation P = oT*7 (within a
factor of 2). This observation strongly favors the overheat-
ing scenario suggested by a nonthermalised substrate.
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