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ABSTRACT

We investigate the basic charge and heat transport properties of charge neutral epigraphene at sub-kelvin temperatures, demonstrating a
nearly logarithmic dependence of electrical conductivity over more than two decades in temperature. Using graphene’s sheet conductance as
an in situ thermometer, we present a measurement of electron-phonon heat transport at mK temperatures and show that it obeys the T*
dependence characteristic for a clean two-dimensional conductor. Based on our measurement, we predict the noise-equivalent power of

~10722 W /+/Hz of the epigraphene bolometer at the low end of achievable temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031315

Epitaxial graphene on a SiC substrate (epigraphene) is an attrac-
tive scalable’” technology for high-quality graphene electronics.”
Using a recently reported doping technique,” epigraphene doped close
to the Dirac point has been shown to have great potential for
astronomy-oriented terahertz (THz) wave detection, acting as a hot
electron bolometric mixer (g-HEB) in heterodyne detection.” For
g-HEBs, understanding the energy relaxation processes in the material
is crucial as it directly impacts the device design and is paramount to
achieve high sensitivities and large device bandwidths desired in astro-
nomical observations.” In general, decreasing the thermal relaxation
rate and heat capacity improves the sensitivity of bolometers and calo-
rimeters;”” this observation has triggered a number of studies on
electron-phonon heat transport in graphene at sub-kelvin tempera-
tures.'”"* For epigraphene, little is known about relaxation processes,
particularly when the material is doped close to the Dirac point and in
the millikelvin temperature range, conditions at which g-HEBs are
expected to perform better. Previous studies of the energy relaxation
mechanisms of epigraphene have been mostly limited to samples
at high carrier densities and at liquid helium temperatures'>' or on
micrometer-sized devices where thermalization of hot carriers
occurred via the metallic contacts (i.e., diffusion cooling).”

Here, we present a study of energy relaxation in charge neutral
epigraphene devices fitted with superconducting contacts, which act as
thermal barriers that prevent heat leak from the contacts, thus
enabling the study of energy relaxation processes in the graphene-
silicon carbide system. We use in situ thermometry down to sub-100
mK temperatures by measuring the sheet conductance of epigraphene
Hall bar devices as they are locally heated by injecting current through
Hall probes. This provides a built-in thermometer, and it is made pos-
sible by coherent backscattering causing the logarithm in temperature
dependence of resistance in lowly doped epigraphene.**'"~*

Epigraphene was grown on 4H-SiC chips (7 x 7 mm?), which
were encased in a graphite crucible and heated by RF heating to
around 1850 °C in an inert argon atmosphere of 1bar.” Transmission
mode microscopy was used to ensure that the samples had high
(>90%) monolayer coverage.21 Device fabrication utilized standard
electron beam lithography techniques, described in detail elsewhere.””
In short, epigraphene was patterned into Hall bar structures by oxygen
plasma etching, and superconducting metallic contacts were prepared
with 30 nm-thick aluminum contacts using a 6 nm-thick adhesion
layer of titanium. This is a proven technique to make transparent elec-
trical contacts to graphene.””* The metallic layers were deposited by
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physical vapor deposition by electron beam evaporation. The finished
device was spin-coated with molecular dopants, and the final carrier
density was tuned close to charge neutrality by annealing at
T = 160° C.° In order to test the device quality, initial DC electrical
characterization was performed using quantum Hall measurements
on a PPMS (Physical Property Measurement System from Quantum
design) liquid helium cryostat (2-300 K) with a superconducting mag-
net providing fields up to 14 T. Sub-kelvin measurements were per-
formed in a dilution refrigerator.

Figure 1(a) shows an optical micrograph of the doped epigra-
phene Hall bar used for our study, with channel length L =250 um
and width w =50 ym. Quantum Hall measurements at 2 K were used
to verify the quality of the devices [Fig. 1(b)]. The sample shows fully
developed quantum Hall effects, with vanishing longitudinal resistance
Ryx =0 and quantized transverse resistance Rxy = h/ 2¢%. This proves
that the sample is of high quality monolayer epigraphene with spatially
homogenous doping.”””* The device is p-doped, with a carrier den-
sity of p = 1.7 x 10" cm ™~ ? and a mobility of 1 = 14500 cm?/V's.

In Fig. 2(a), we show the current-voltage (IV) characteristics
measured in a dilution refrigerator at various temperatures ranging
from about 50 mK up to 550 mK. The four-probe configuration for
these measurements is shown in the inset of Fig. 2(a). The temperature
dependence of zero-bias differential sheet conductance of the device is
seen in Fig. 2(b), extracted from the average slope of the IV curve over
a current range of a few pA around zero current. The vertical scale on
the right (shown in pink color) is the sheet conductance expressed in
units of the conductance quantum g, = ¢?/h. The inset of Fig. 2(b)
shows the temperature dependence of the sheet conductance in a
wider temperature range. Data in the two separate ranges of tempera-
ture were measured using different setups. We observe approximately
a logarithmic-in-temperature dependence of the sheet conductance of
graphene, o(T) = g1 + AaIn (T), with og = ¢*/h ~ 3.9 x 107> S,
where e is the elementary charge and h is the Planck constant. The
slope of the logarithmic term quantifies the strength of the quantum
corrections in the material, and for this p-doped sample, A ~ 0.69,
higher than A a2 0.30 reported for n-doped samples.” Studies in a
magnetic field would be required to verify if a higher A is the result of
enhanced electron-electron interactions or quantum interference
effects in p-doped samples.”’
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FIG. 1. Hall bar device with doped epigraphene. (a) Optical micrograph showing the
Hall bar device (L=250 um and w=50 um). The center overlay shows an image
taken in transmission mode, which enables visualizing epigraphene. (b) Example of
DC electrical characterization of the epigraphene Hall bar with hole type carrier density
p = 1.7 x 10'° cm? measured using /= 100nA and Ty = 2K. The sample demon-
strates the fully developed quantum Hall effect with Ryx=0 and Ryxy = h/262, the
hallmark of monolayer graphene in magnetotransport.
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FIG. 2. Low temperature electrical transport measurement of epigraphene. (a)
Current-voltage characteristics (/V) measured in a four-probe configuration (inset)
across the entire graphene channel. The different curves correspond to different
temperatures from dark to light such that the steepest one is for T=50 mK and the
one with the smallest slope for T=550 mK with the intermediate curves taken at
temperatures in between. (b) Zero bias differential sheet conductance on the loga-
rithmic temperature scale in the same range as in (a). The inset displays the same
measurements in a wider range of temperatures. The pink line shows the logarith-
mic fit to the experimental data.

For thermal characterization of the device [see the upper inset of
Fig. 3(a)], we have considered four contributions when analyzing the
local thermal balance of the epigraphene structure. They are (i) the
thermal conductance from epigraphene to the phonon bath G, (ii)
the lateral thermal conductance along the epigraphene sheet «;, (iii) the
thermal conductance of the substrate partly shunting thermally
the epigraphene (Gsic), and finally (iv) the thermal conductance to the
superconducting leads (Goy:) to which the Hall bar structure is con-
nected. For an ideal measurement of epigraphene properties only, the
two first ones ought to dominate, and the two others should not con-
tribute to the heat currents. Yet, as we argue below, our measurements,
together with estimates of substrate material properties, and assuming
that the Wiedemann-Franz law is approximately valid for epigra-
phene, the shunting effect (iii) exceeds the thermal conductance along
the epigraphene sheet by several orders of magnitude.

In the measurements of the hot electron effect in the epigraphene
device, depicted in the lower inset of Fig. 3(a), the Joule power P=1IV
generated by the bias current leads to an increase in the electronic tem-
perature of graphene, which is measured through monitoring the sheet
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FIG. 3. Electron phonon coupling in epigraphene doped close to the Dirac point. (a)
The upper inset shows the various heat transport components: the dominant one is
the conductance to the phonon bath, Gy, and we can neglect the lateral conduc-
tance « and the leak into the leads Go. The mainframe shows the power P= |V
dependence of the difference in the fourth power of the temperatures of the epigra-
phene electrons and the substrate, T, and Ty, respectively. The substrate tempera-
tures range from 170 to 306 mK for each dataset shown in different colors. The
setup for this measurement is schematically presented in the lower inset. (b)
Demonstration that the heat flow indeed obeys the law P = Z,A(TZ — T3) for gra-
phene in the clean limit. The difference T] — Tg has been plotted for n=2, 3, 4,
and 5 at Tp = 170 mK (blue symbols) and Ty = 306 mK (pink symbols).

conductance of the material. With superconducting aluminum con-
tacts, the heat flow through the contacts is Gy, e AT 28730 yhere
A ~ 200 peV. Then, at T < 0.3 K of our measurement, this heat flow
is negligibly small, and the only energy relaxation pathway in the sys-
tem is to the phonon bath [i.e., item (i)]. The main panel of Fig. 3(a) is
a collection of such measurements in the temperature range from
170 mK to 306 mK, showing that the heat flux P from the electron sys-
tem at temperature T, to the phonon bath (at constant bath tempera-
ture Ty) follows the law

Pep = ZnA(T: - T(?): (1)

with n=4 and X, ~ 0.04 WK * m ™2 This power law is consistent
with theoretical predictions for graphene in the clean limit'"'"* and

ARTICLE scitation.org/journal/apl

with previous reports in highly n-doped epigraphene (n = 1.63
%102 cm ™) and at temperatures up to T=10K."”"° The four sets of
plots presented in Fig. 3(b) demonstrate a similar dependence but
with only the extreme bath temperatures (170 and 306 mK) and with
different power laws n =2, 3, 4, and 5. Only data with i collapse on
the same slope at the two bath temperatures. It is evident that n =4
describes our experiment best.

The electrical conductance across the Hall bar, e.g., between two
adjacent Hall probes with a distance of ~50 um, is G ~ 10°°5Q7! [see
Fig. 2(b)]. Using the Wiedemann-Franz law, we obtain
K =GLyT ~4x 10" W/K for the thermal conductance in this
geometry at T=0.2K. Here, Ly = 2.4 x 10~ W QK2 is the Lorenz
number. It is, then, evident that the electron-phonon conductance
dominates and shunts the system thermally under the same conditions
G = dPey /dT, = 4Z,AT. ~ 3 x 1072 W/K for the area under
the heater. Since the thermal conductance of the 3D structure is large,
we conclude that the role of x is negligible in our measurements.
However, the low value of x means that for quantitative analysis of the
data, we need to take into account that only the seven squares in the
current path of the 19 squares in the whole structure are heated.

The thermal characterization allows us to calculate the noise-
equivalent power (NEP), an important figure of merit of a bolometer.
In the limit where this figure is determined by fundamental energy
fluctuations, it assumes value NEP = 2/Gy,kgT?. In our case Gy,
= 43,AT? from the electron-phonon measurement, T= 170 mK, and
A = 4 x 45 x 45 x 1072 m?, we obtain NEP ~ 3 x 10" W/\/Hz.
This is still not record-low because of the large area in our sample and
relatively high T. In order to improve the NEP, one needs to reduce
the area of the detector and operate it at lower T. One can realistically
make A ~ 10~'! m* and operate at about 10 mK. In this case, the pro-
jected NEP ~ 10~ W/+/Hz, which would outperform the current
experimental state-of-the-art.” Although here we do not present heat
transport data below 170 mK, we believe that lower T measurements
are feasible: applying a moderate magnetic field of ~50 mT perpendic-
ular to the graphene sheet restores the conductance of it down to
T=10 mK. The detector can be impedance-matched to the photon
source by proper choice of the aspect ratio of the resistive element as
was done in Ref. 4, allowing for RF readout up to 8 GHz. Other
RF-readout schemes providing other bandwidths such as that in
Ref. 31 might be implemented.

In summary, we have demonstrated sensitive in situ thermome-
try by measuring the sheet conductance of the epigraphene sheet
down to sub-100 mK temperatures, providing a way for sensitive
calorimetry with a built-in thermometer. The P oc T* dependence
observed in our measurements for charge-neutral graphene at mK
temperatures in fact coincides with previous observations in epigra-
phene at high doping and temperatures well above 1K' and in
charge-neutral graphene down to 300 mK.* For epigraphene, it has
been established that a low-energy remote interfacial mode is responsi-
ble for scattering, and this mode originates from the interaction
between graphene and the buffer layers oscillating out-of-phases paral-
lel to each other.”” ** Our experiments indicate that the T* trend
extends down to T=50 mK The coupling of the epigraphene
electrons to the phonon bath dies off more slowly with decreasing
temperature than in metal films (T3...T* vs T*...T°);” therefore, the
advantage in operating at the very low temperatures is not quite
that obvious in the case of epigraphene as compared to metals, where
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furthermore the proximity superconductivity can be used for enhance-
ment of sensitivity. Yet, the extremely small heat capacity of the epi-
graphene sheets at low temperatures leads to very fast thermal
relaxation times of the order of 10 ps, making, together with in situ
thermometry and weak Gy,, the epigraphene bolometer an attractive
choice for terahertz applications.
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