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Measurement of electronic heat dissipation in highly disordered graphene
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We have measured the electronic heat dissipation of hot electrons in highly disordered millimeter scale graphene
at temperatures 7 = 0.3-3 K. Disorder was introduced by hydrogenation of graphene, bringing low-temperature
electron conduction below the Ioffe-Regel criterion for metallic conduction. Resistive thermometry was employed
to determine the dependence of electron temperature on applied electrical power. The relation between heat
flow and electron temperature was found to be well described by a power law with an exponent 8 ~ 3.7-3.9
and a coupling coefficient £ ~ 1 mW/m? K?. Our observations are similar to electronic heat dissipation of a
two-dimensional electron gas in the hydrodynamic limit of electron-phonon coupling, corresponding to acoustic

phonon emission into the substrate.
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Thermal transport in graphene has received much attention
[1,2], motivated by fundamental questions into the nature of
thermal transport in a semimetallic two-dimensional crys-
tal. A variety of phenomena are experimentally observed,
including thermal transport dominated by phonon transport
[3-7], electron transport [8—11], and electron-phonon coupling
[8,9,12-16]. Weak electron-phonon coupling at cryogenic
temperatures enables the electron temperature to be easily
driven in excess of lattice temperature, ideal for applications
to hot electron bolometry. The heat flow from electrons to
acoustic phonons is generally described by a power law,
Q = AZ(TJ8 — Tf ), where A is the graphene area, X is the
coupling constant, 7, is the electron temperature, 7 is the
lattice temperature, and 8 is an exponent that characterizes the
coupling. The electron-phonon coupling law is in general de-
pendent upon the dimensionality, carrier density, temperature
regime, screening, and disorder [17-20].

Theoretical work has shown that 8 =4 for electron
coupling to in-plane transverse acoustic (TA) and in-plane
longitudinal acoustic (LA) phonons in pristine graphene at
low temperatures [19,20]. Weakly disordered graphene with
krf > 1, where kr is the Fermi wave vector and £ the electron
mean free path, admits the possibility of 8 = 3-6 [21]. An
enhanced electron-phonon coupling assisted by defects with
B = 3 and denoted supercollision cooling was predicted [22]
at electron temperatures 7, exceeding the Bloch-Griineisen
temperature Tgg = 2hckp/ kg, where c is the acoustic velocity.
Experiments with graphene monolayers have resulted in the
observation of 8 = 3 and 4, including a transition 8 =4 — 3
consistent with the supercollision cooling mechanism [13]. A
transition 8 = 3 — 4 has also been observed in weakly dis-
ordered graphene as carrier density is tuned from the extrinsic
regime to the intrinsic regime near charge neutrality [9], which
remains as yet unexplained by theory. An enhancement in
electron-phonon coupling with increasing disorder consistent
with the supercollision mechanism has been observed in room
temperature pump-probe transient absorption measurements
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[23]. Recently, electron-phonon coupling measured at 7 <
Tsg was found to be suppressed in graphene disordered by
plasma treatment [15], in contradiction with the supercooling
mechanism.

In this Rapid Communication, we consider heavily disor-
dered graphene, deep in the intrinsic, insulating regime that
lies beyond the Toffe-Regel criterion for metallic conductivity,
krf < 1. By purposeful introduction of neutral point defects
via hydrogenation, we have probed thermal transport in
graphene deep in the insulating regime where dR/d7T < 0.
Qualitative agreement with variable range hopping (VRH) is
observed in the electron transport of graphene with disorder in-
duced by hydrogenation [24,25]. The resistance of disordered
graphene exhibits strongly insulating behavior dR/0T < 0,
enabling simple resistive thermometry of electron temperature
as commonly employed in disordered systems [26-28].

We investigated electron heating in three devices: two
hydrogenated devices (HG1 and HGS5), and one pristine
device (G3). All three devices were prepared from graphene
grown by chemical vapor deposition (CVD) and transferred
to silicon substrates with a 300 nm layer of dry thermal
oxide. The devices were electrically contacted with indium,
requiring no lithography and thereby minimizing the possibil-
ity for undesired reaction between resists and hydrogenated
graphene. Indium’s superconducting state at 7 < 3.4 K
also aids in suppressing electronic heat conduction through
the electrical contacts. Hydrogenation was performed in an
ultrahigh vacuum environment at room temperature with an
atomic hydrogen beam, as reported in previous work [25,29].
Exposure times were between 3 and 10 min with both HGI
and HGS having exposure times of 5 min.

To characterize the degree of hydrogenation, specifically
the density of defects breaking the translational symmetry of
the ideal honeycomb lattice of sp? hybridized carbon, Raman
spectroscopy was performed with a pump wavelength of A =
532 nm. The ratio of the Raman D-band (1345 cm™!) intensity
Ip to the Raman G-peak (1585 cm™!) intensity I was used
to estimate defect density, along with the Raman D’ band
(1626 cm™!), relying upon a calibration determined from Ar-
ion bombardment of graphene [30]. The properties of HGI,
G3, and HGS5 are summarized in Table 1.
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TABLE 1. The measured samples are summarized below, in-
cluding effective graphene channel length L and width W between
contacts, low-bias two-point resistance Ry at T = 300 mK, and
Raman Stokes peak intensity ratio I /. The mean defect spacing
L p inferred from Raman analysis is also included.

LxW Ry Ly
Device (mm) k) Ip/ls (nm)
HGI1 2.28 x 1.3 53 2.4 40.15 55405
G3 2.48 x 1.9 8.9 0.40 £0.11 17+2
HG5 227 x 1.5 720 2.1 +£0.65 1.7+0.3

Electron and thermal transport measurements were per-
formed under high vacuum conditions in a He® cryostat.
The silicon substrate was thermally anchored to metal pins
on a fiberglass (G10) header using a conductive epoxy. The
wiring for both the silicon substrate and the graphene contacts
was wrapped tightly around a gold-plated bobbin that was
thermally anchored to the He® pot. This ensured a strong
thermal link between the He® pot and the substrate. The
sample lattice temperature 7; was tuned between 300 mK and
3 K under high vacuum conditions. The differential electrical
resistance R = v,/ i, Was measured in a two-point configura-
tion as illustrated in Fig. 1 using a lock-in amplifier operating
at f =11.438 Hz. A superimposed dc source was used to
directly heat the hydrogenated graphene with Q = < iv >
total electrical bias power while the differential resistance
was simultaneously measured. The back-gate potential v,
was varied to modulate the conductivity of the hydrogenated
graphene.

The two-point differential resistance R was used as an
internal thermometer of the graphene electron temperature
T,, explained in greater detail below. A simple thermal
model incorporating three thermal channels, illustrated in
Fig. 1(c), was adopted to interpret our experimental results.
Blackbody photon emission Qg = Ao (T — T*) to the cold
environment of the sample is found to be negligible in
our experiments because the Stefan-Boltzmann constant o =
56.7 "W m~2K~* is much smaller than our experimentally
measured electron-phonon coupling constant 3. Thermal
conductance Gwg by electronic conduction is also found
to be negligible by theoretical estimations. Considering an
electrical sheet resistance of order r ~ 100 k€2 typical of our
experiments, the thermal sheet conductance can be estimated
coarsely by a Wiedemann-Franz relation gwp = r~'LoT, =
245 fWK~! at an electron temperature 7, = 1 K and free
electron Lorenz number Lo = 24.5 nW Q K~2. Taking into
account a graphene width/length ratio W/L ~ 0.5, and a
model one-dimensional temperature profile along the graphene
length [10], the thermal conductance by electron conduction
Gwr = 12(W/L)gwr =~ 1.4 pW K~!, which is of negligible
magnitude compared to that experimentally observed. We
conclude that thermal conductance G, via electron-phonon
coupling is the dominant channel for thermal conduction.

The measured differential resistance R versus electrical
bias power Q with substrate temperature 7; as a parameter
is plotted in Fig. 2(a) for sample HGS. A plateau in resistance
R defines the low-bias region where Joule heat causes a
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FIG. 1. (Color online) (a) Schematic of the experimental setup
used to perform electrical measurements. (b) Optical micrograph of
sample HG1. (c) Schematic of a thermal model describing the Joule
heating of electrons and heat flow through three distinct channels:
blackbody photon emission, electron-phonon coupling, and electron
conduction.

negligible resistance change and 7, = 7,. The differential
resistance is observed to decrease with increasing electrical
bias power, T, > T, and is also observed to decrease with
increasing substrate temperature as expected of an insulator
(0R/0T < 0). The resistance is also observed to increase with
increasing back-gate voltage, dR/dV, > 0, consistent with
hole hopping conduction as observed in previous experiments
with graphene hydrogenated on an oxide surface [25]. In both
strongly disordered samples HG1 and HGS where kpf < 1,
the charge neutrality point was beyond our experimentally
accessible gate voltage range. In the weakly disordered sample,
G3, the charge neutrality point was estimated by fitting the
measured low-bias resistance R versus gate voltage V, to
a simple diffusive conductivity model 1/R o p with hole
density p = C(Vy — Venp), where C = 11.5 nF cm™2. The
charge neutrality point was determined to be Venp = +71 1V,
corresponding to a mobile hole density py = 3 x 10! cm™
atV, =0V.

The low-bias resistance R is plotted versus substrate
temperature 7y in Fig. 2(b), along with an empirical best-fit
curve to establish a resistive thermometer calibration. The
coefficient of determination for all resistive calibrations was
>99%. Resistive thermometry is often used to infer mean
electron temperature in insulating thin films with strong
temperature dependent resistance [26—28]. In addition to Joule
heating of electrons, electric field dependent transport may
contribute an additional variation of differential resistance
versus electrical bias [31]. An applied electric field £ will
produce negligible excess current as compared to thermal
excitation when efa < kgT,, where a is a characteristic
length scale of the carrier confinement potential. At the lowest
temperature 7, = 300 mK and highest field £ = 100 ©V/um
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FIG. 2. (Color online) (a) The differential two-point resistance
Ry vs the electrically applied Joule heating power per unit area 0/A
for sample HGS at a substrate temperature 7; = 0.34 K. Low-bias
plateaus are evident, as is a decrease in resistance with applied power.
The inset shows the low-bias R,y vs gate voltage v, at substrate
temperatures Ty = 0.34 and 1.35 K. (b) The low-bias resistance Ry
vs temperature 7; = T, for HGS, including measurements (squares)
and empirical fit (line) used for resistive thermometry. (c) The inferred
electron temperature 7, vs Joule heating O/A at various substrate
temperatures 7;. Slopes corresponding to 0 x TP with B =3,4,5
are shown for comparative purposes.
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applied in our experiments, electrons confined to traps with
a > 260 nm will contribute excess current. By comparison, the
mean hydrogenation induced defect spacing is Lp = 2—6 nm,
corresponding to a much shorter length scale, suggesting field
induced excess currents are negligible in our work.

The empirical fit function Ry(7;) of low-bias resistance
versus temperature 7, = T; was thus used to infer an electron
temperature 7, from the measured differential resistance
R versus applied electrical bias power @, and is plotted
in Fig. 2(c). At low bias, the electron temperature 7, is
independent of applied power, while at high bias, the electron
temperature follows an asymptotic 7, o« Q'/* dependence.
Our observations are consistent with a heat dissipation law
0= AE(Tf — TS’3 ) with B = 4. The applied power O versus
temperature function 7% — 7% is plotted in Fig. 3 on log-
arithmic scales for samples HG1, HGS, and G3, indicating
consistent behavior across orders of magnitude in applied heat
Q and substrate temperature T;. A least-squares fit of Q vs
Tf — T;’3 on a logarithmic scale gives B = 3.66 + 0.05 for
HG1, g = 3.82 £0.16 for HGS, and B = 3.87 & 0.14 for G3.
Similarly, the coupling parameter ¥ = 1.3 + 0.1 mW/m? K#
for HG1, ¥ =0.11 £0.03 mW/m>K? for HG5, and ¥ =
0.8 £ 0.01 mW/m? K’ for G3.

We present in Fig. 4(a) a summary of experimentally
measured S exponent versus normalized low-bias resistance
(2¢?/ h) Ry, which gives an approximation to the Ioffe-Regel
disorder parameter (kp£)~', for our work and previously
reported work. Exponents 8 =4 and 3 have both been
previously reported at 7, < Tgg for a variety of graphene
devices [8,9,12,13], with a transition 8 = 3 — 4 observed as
the carrier density is tuned to charge neutrality and increased
resistance [9]. In our work, 8 & 4 is observed for both weakly
disordered pristine graphene and strongly disordered hydro-
genated graphene over all ranges of gate voltage explored.
The coupling constant ¥ is similarly presented in Fig. 4(b)
versus normalized low-bias resistance (2e2/h)R2pt, and is
surprisingly found to be independent of the sample resistance
(tuned by back gate voltage). As seen in Fig. 4, our measured
¥ ~ 0.1-1 mW/m? K? is of comparable value to that reported
for exfoliated graphene on BN/SiO,/Si and CVD graphene on
Si0,/Si where 8 = 4 was also observed [12], and the small
coupling constant was explained as potentially arising from
lattice disorder.

There is presently no theory for electron energy loss
in graphene in the strongly disordered limit (kp€)~' > 1
with which to compare our experimental observations. The
supercollision mechanism observed in weakly disordered
graphene [13,14], characterized by f = 3, was not observed
in our samples. However, experiments conducted with two-
dimensional electron gases (2DEGs) in GaAs/AlGa;_,As
heterostructures have revealed a 8§ =4 law for electron-
phonon coupling [27,32,33], in accordance with the theory
of electron-phonon coupling in a piezoelectric medium in the
hydrodynamic limit where the electron-impurity scattering
rate exceeds the electron-phonon scattering rate [32]. In the
hydrodynamic limit, relaxation of momentum conservation
in the electron-phonon scattering process enables the 2DEG
to emit acoustic phonons directly into the bulk substrate
and superstrate, with a Q T} dependence reminiscent of
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FIG. 3. (Color online) The Joule heating power per unit area
0/ A vs temperature parameter T} — T? for hydrogenated graphene
samples (a) HG1, (b) HGS5, and pristine graphene sample (c) G3. The
coupling parameter X inferred from a least-squares fit is indicated
for each sample, respectively.
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FIG. 4. (Color online) (a) A summary of the 8 exponent vs the
normalized low-bias two-point resistance 2¢?/h Ry, measured for
samples HG1, HGS, and G3, and previous reports of electron-phonon
coupling in monolayer graphene [8,9,12,13,15,16]. (b) A summary
of the coupling strength T vs 2¢*/ h Ry, for samples HG1, HGS, and
G3, and previous reports.

a Stefan-Boltzmann law Q = AcT* and a typical thermal
boundary resistance giving Q = AX/T* [34]. A similar sce-
nario may apply to strongly disordered graphene supported by
a substrate, wherein point defects in the graphene lattice may
play arole in the coupling amongst electrons, in-plane LA and
TA graphene phonons, out-of-plane acoustic (ZA) graphene
phonons, and SiO, phonons. Unravelling the microscopic
details of energy transfer requires further experimental work.

In conclusion, we have observed electronic heat dissipation
following a Q = AZ(Tf — 17 ) law with exponent S =
3.7-3.9 and coupling coefficient ¥ ~ 0.1-1 mW/m? K# for
pristine CVD graphene and hydrogenated CVD graphene in
the strongly disordered limit where (kg£)~' > 1. There is
a need to extend the theory of electron-phonon coupling in
weakly disordered graphene [21,22] to the strongly disordered
limit. Our observations are similar to previously reported
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measurements of hot electron energy loss in weakly disordered
graphene exfoliated on BN/SiO,/Si [12], and are also similar
to hot electron energy loss of 2DEGs in the hydrodynamic
limit of GaAs/AlGa;_,As heterostructures.
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