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At high phonon temperature, defect-mediated electron-phonon collisions (supercollisions) in graphene
allow for larger energy transfer and faster cooling of hot electrons than the normal, momentumconserving electron-phonon collisions. Disorder also affects the heat ﬂow between electrons and phonons at very low phonon temperature, where the phonon wavelength exceeds the mean free path. In
both cases, the cooling rate is predicted to exhibit a characteristic cubic power law dependence on the
electron temperature, markedly different from the T4 dependence predicted for pristine graphene. The
impact of defect-induced cooling on the performance of optoelectronic devices is still unclear. Here we
study the cooling mechanism of hot-electron bolometers based on epitaxial graphene quantum dots
where the defect density can be controlled with the fabrication process. The devices with high defect
density exhibit the cubic power law. Defect-induced cooling yields a slower increase of the thermal
conductance with increasing temperature, thereby greatly enhancing the device responsivity compared
to devices with lower defect density and operating with normal-collision cooling.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
Understanding the effect of disorder on the relaxation dynamics
of charge carriers is crucial for the operation of most graphene devices. When electrons absorb energy, they quickly thermalize via
electron-electron collisions within a few tens of femtoseconds [1e3]
and via emission of optical phonons (ħuop > 200 meV) within a few
hundreds of femtoseconds [4,5], reaching an electron temperature
Te that can be substantially higher than the temperature of the
graphene lattice. Dissipation of energy via acoustic phonons yields
much longer cooling times, from tens to hundreds of picoseconds
[6,7]. This is because momentum conservation and the limited Fermi
surface of a two-dimensional material like graphene severely
constraint the maximum amount of energy that can be dissipated in
a collision process. The most energetic acoustic phonons are emitted
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by electrons that are backscattered. For an electron with energy E,
this maximum phonon energy is given by DEph ¼ 2Evs/vF, where vF is
the Fermi velocity and vs is the sound velocity in graphene. Since vF
~50 vs, this energy loss is a few percent of the electronic energy and
therefore it takes many collisions for electrons to cool down. The
maximum energy transfer to acoustic phonons for electrons at the
Fermi energy deﬁnes the Bloch-Grüneisen temperature,
TBG ¼ 2EFvs/(vF KB), a characteristic temperature that plays a role
similar to the Debye temperature in three-dimensional conductors.
At temperatures below TBG, the normal-collision cooling is characterized by the power law P ¼ AS (Te4 - T04), where S ¼

p2 D2 jEF jK 4B
15rM h5 v3F v3S

is a

coupling constant, D is the deformation potential of graphene, rM its
mass density, A is the graphene area, T0 is the temperature of the
graphene lattice and P is the power absorbed by the graphene under
optical or electrical (Joule) pumping [8,9]. (Here we are assuming
 
e
that the system is in a steady state, Ce dT
¼ P  Q ¼ 0; where Ce is
dt
the electronic heat capacity and the absorbed power P balances the
energy loss Q due to electron cooling.) At higher temperatures,
TBG ≪ T0, Te ≪ EF/KB, the power is predicted to depend linearly on
temperature, P f (Te - T0) [9].
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In the presence of defects, the momentum conservation constraints described above are relaxed, because defect-assisted collisions enable emission of phonons with higher energy and
momentum than normal collisions [7]. This supercollision-cooling
regime is characterized by faster cooling times and by a cubic pozð3ÞD2 jE jK 3

wer law in steady state, P ¼ A S2 (Te3 - T30), where S2 ¼ p2 r h4 v3 vF 2 l B ,
M
F s mfp
lmfp is the mean free path and the Riemann zeta function z(3) z1.2
[7]. Previous work on CVD grown graphene [10] and exfoliated
graphene [11] measured this cubic power law at temperatures
higher than TBG, where, in the presence of defects, the supercollisions are predicted to dominate over normal collisions [7].
Other work used pump-probe experiments on exfoliated graphene
with the defect density systematically increased by exposure to
near-infrared femtosecond pulses and showed that samples with
higher defect density had faster cooling times [12]. For lower
temperatures, Tx < T0, Te < TBG, the cooling occurs via normal
collision, with the dependence P f (Te4 - T04) [10] down to a crossover temperature Tx ¼

30 h vs zð3Þ
p2 KB lmfp

[13,14]. When the electron and

phonon temperatures are lowered below Tx, the cooling power is
predicted to regain a cubic law dependence P ¼ A S3 (Te3 - T30), with
S3 ¼ 2S2 [13,14].
The importance of charge carrier cooling in graphene and how it
is affected by the presence of defects goes well beyond understanding the basic physics of two-dimensional conductors because
it impacts any application of this material for bolometry and photodetection [15e19]. Although the defect-induced cooling and the
normal collision cooling were observed with the corresponding
cubic and T4 power law dependences [10,11,14,16,20e22], they
were not observed in the same temperature range, making it
difﬁcult to directly compare the electronic thermal conductance in
the two regimes and assess the effect of defects on the performance
of hot electron devices.
Here we study high-performance bolometers based on quantum
dots of epitaxial graphene on silicon carbide. We show that the
defect density in the graphene and the cooling mechanism can be
controlled by the fabrication process. We ﬁnd that devices based on
defective graphene exhibit defect-assisted cooling and yield higher
responsivity over a wider dynamic range than devices made with
graphene having low defect density and operating under normal
collision cooling.
2. Results and discussion
We recently showed that quantum dots patterned from

epitaxial graphene on SiC exhibit a very strong dependence of the
electrical resistance on temperature, higher than 100 MU K1,
yielding extraordinary values of bolometric responsivity, larger
than 109 V W1 [23,24]. At a temperature of a few kelvins the
resistance of the dot is as high as several hundreds of MU for the
smallest dots and it dominates the graphene electrical resistance
(estimates of other contributions to the graphene electrical resistance as well a heat ﬂow diagram of the device are discussed in the
supplementary information section of our previous work [23]).
When the graphene is irradiated with an optical source or heated
by Joule power, the electron temperature raises in the whole graphene area. The electrical resistance depends exponentially on the
electron temperature because electrons are thermally activated
over the quantum conﬁnement gap, which is determined by the dot
diameter [23,24]. (The orientation of the devices with respect to the
steps between adjacent crystal planes on the SiC substrates also
affects the temperature dependence of the resistance, because they
affect the current ﬂow through the device [23]). Fig. 1(a) shows the
resistance vs. temperature curves for three samples.
Typical current-voltage (IV) characteristics of the quantum dot
devices are shown in Fig. 1(b). The IV curves are non-linear because,
as the bias voltage increases, the device temperature increases due
to Joule heating and the resistance decreases, corresponding to the
resistance vs. temperature (R(T)) curves in Fig. 1(a). The inset in
Fig. 1(b) shows the differential resistance as a function of Joule
power, computed from the IV curves of the devices. By combining
the data of the differential resistance vs. Joule power with the R(T)
data, we readily obtain the dependence of the electron temperature
on Joule power that can be used to investigate the cooling mechanism of the quantum dot devices.
Most of the devices studied here and in our previous work
[23,24] were fabricated using a thin (30 nm of Au or Pd) metallic
layer as a mask to pattern the quantum dots [23,25]. The metallic
layer protected the graphene from contamination with photoresist
and was removed using aqua regia as the last fabrication step [25].
We also fabricated a test device using a different fabrication process, where the graphene was patterned by using crosslinked
PMMA instead of the metallic layer. The data for ﬁve different
samples are shown in Fig. 2 (a), with the red symbols showing the
data for the test sample patterned with PMMA and the black ones
showing the data for four samples patterned using the thin metallic
layer. To test the cubic power law, we plot these same data as Te vs.
P1/3 in Fig. 2 (b). We ﬁnd that, for Te > 7.5 K (dotted line in Fig. 2 (b)),
all the samples fabricated using the metal layer as a mask to pattern
the quantum dots show a very good agreement with the cubic

Fig. 1. (a) Resistance vs. temperature dependence for three quantum dot devices with diameters of 30 nm (S1), and 200 nm (S3 and S5). The data for device S1 are reproduced from
Ref. [23]. (b) Current vs. voltage (IV) characteristics of two devices, at T0 ¼ 3K. The inset shows the differential resistance dVDC/dIDC as a function of Joule power (P ¼ IDC$VDC)
obtained from the IV curves. (A colour version of this ﬁgure can be viewed online.)
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Fig. 2. (a) Electron temperature vs. Joule power for the sample patterned with overdosed PMMA (S5) and for the four samples patterned with a thin metallic layer (S1, S2, S3 and
S4). (b) Data from (a) showing that Te scales linearly with P1/3 for samples S1, S2, S3 and S4 for Te > 7.5 K. Inset: For sample S5, Te scales linearly with P1/4. (A colour version of this
ﬁgure can be viewed online.)

power law, whereas the sample fabricated using the crosslinked
PMMA, sample S5, shows a good agreement with the prediction for
normal collision cooling, P f Te4 (see inset of Fig. 2(b)).
All the samples were fabricated using graphene epitaxially
grown on SiC, but the different power laws clearly indicate that
different fabrication procedures yield samples with different cooling mechanisms. The fabrication procedure can also affect the
doping of the graphene. As-grown graphene on SiC typically exhibits n-type doping, with charge density of about n ~1012 cm2,
corresponding to TBG ~70 K. This is consistent with the power law
dependence expected for normal collisions in the low-temperature
regime and measured for the sample fabricated using the overdosed PMMA. Conversely, the doping level of the graphene samples
fabricated using the thin metal layer is expected to be quite
different, due to the aqua regia treatment used to remove the metal
layer. The aqua regia is a p-dopant for graphene [25], therefore the
charge carrier density and value of TBG can be quite different for the
samples fabricated with the thin metal layer.
Although all the samples operated roughly in the same temperature range, T0, Te < 30 K, the cubic temperature dependence of
the samples fabricated using the metal layer mask indicates that 1)
the cooling mechanism is dominated by defects and 2) the samples
could either be in the low-temperature regime, with T0, Te < Tx, or

in the high temperature regime, with T0, Te > TBG. Since TBG depends on the graphene charge density via EF, it is important to
investigate how the different fabrication processes may affect the
defect density and the doping of graphene.
Fig. 3 (a) shows the Raman spectra of samples S3 and S4 fabricated using the sputtered thin metallic layer, after subtracting the
Raman spectrum of the SiC substrate. The Raman spectra were
measured with a Horiba LabRAM HR Evolution, with a 532 nm laser
(Ventus 532 from Laser Quantum). The inset shows the spectrum of
another test sample, S50 , made of graphene epitaxially grown on
SiC, with a small area of graphene protected by a layer of overdosed
PMMA (purple), using the same procedure we used for sample S5. A
thin metallic layer was subsequently deposited on the whole
sample S50 and then removed with aqua regia. The Raman spectrum after this procedure is also shown in the inset (blue). Sample
S50 was fabricated to unambiguously test the effect of the metal
deposition on the quality of the exposed graphene and compare it
to the graphene protected by the PMMA layer, using graphene
epitaxially grown on the same SiC substrate. The samples S3 and S4
clearly show the presence of a large defect (D) peak at 1350 cm1,
higher than the G peak (ID/IG ¼ 1.3). By contrast, the graphene
covered with PMMA on sample S50 shows no measurable D peak.
On the same sample S5’, the part of graphene that was not

Fig. 3. (a) Raman spectra of samples S3 (pink) and S4 (green) after subtracting the SiC substrate. The inset shows the Raman spectra of sample S50 for the part protected with PMMA
(purple) layer and the part processed with Au sputtering and aqua regia (blue). All spectra are taken at EL ¼ 2.33 eV (lL ¼ 532 nm). (b) Thermal conductance per unit area for all the
samples, obtained from the data in Fig. 2. The graphene area is about 20 mm2 and it includes the graphene that is not covered by metal, i.e. the dot and the triangular source and
drain graphene electrodes. (A colour version of this ﬁgure can be viewed online.)
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Table 1
Characteristics of epitaxial graphene on SiC treated with different fabrication processes. The measurements were done at room temperature.
Fabrication process

Charge density (cm2)

m (cm2 V1 s1)

lmfp (nm)

SA (Pd sputtering and aqua regia)
SB (PMMA protection)

þ5.6  1012
- 3.4  1012

51
260

1.3
5.3

protected with PMMA shows a substantially reduced intensity of
the 2D peak and a large D peak (ID/IG ¼ 0.9), similar to sample S3
and S4. For epitaxial graphene on SiC there is a contribution to the D
peak from the buffer layer [18], but this is considerably smaller than
the D peak found for the metal coated samples, thus indicating
considerable reduction of sp2 symmetry caused by the presence of
defects. For the PMMA-coated sample, the buffer layer contribution
is similar in magnitude and shape to that reported by Fromm et al.
[26] and observed for untreated pristine samples. Hence, there is
little or no D peak for the PMMA coated sample. The data clearly
indicate that the metal deposition introduced defects that were not
present in the pristine or protected samples.
To further test the effects of the fabrication process on the defect
density and doping, we divided a single sample of graphene
epitaxially grown on SiC into three sections SA, SB, and SC, and
processed each section differently. The graphene in section SA had
a thin metallic layer sputtered on it and then removed with aqua
regia, in the same way as during the fabrication of graphene
quantum dots for samples S1, S2, S3, and S4. The graphene in section SB was patterned with overdosed PMMA, in the same manner
as the fabrication of graphene quantum dots for sample S5. The
graphene in section SC was removed by oxygen plasma etching,
exposing the SiC substrate. We then measured the Raman spectrum
of the graphene each section, as well as Hall effect to extract mobilities and carrier densities.
The Raman spectra of sections SA and SB are shown in Fig. 4(a),
with the SiC background subtracted. Similar to the samples discussed in Fig. 3(a), the sample SA shows a substantial increase of
the defect peak. The defects are induced in the graphene by the
metal deposition and they depend on the deposition method, as
described in the Supplementary Information. Values of the mobility
and the doping level also differ substantially between the two regions, as shown in Table 1. The region treated with metal sputtering
shows low mobility, about 51 cm2 V1s1, and very high hole
doping, 5.6  1012 cm2, whereas the region protected with PMMA
has mobility about ﬁve times higher, 260 cm2 V1s1, and electron
doping with concentration typical for epitaxial graphene grown on
SiC. It is clear that the sputtering and aqua regia process strongly
dope the graphene with holes: it completely compensates the
electron doping of the graphene epitaxially grown on SiC and
further dopes it with holes, reaching charge density values comparable to the electron doping of the other region. The mean free
paths for the two regions, lmfp ¼ m (pn)1/2 (ħ/e), where n is the
charge carrier density and m is the mobility, are also listed in Table 1.
We note that the short mean free paths indicate that our samples are in the high defect density regime, where the average distance between defects LD cannot be accurately extracted from the
Raman spectra using the empirical relation by Cançado et al.1 [27],
which is valid for LD  10 nm. Using the values in Table 1, we can
estimate the characteristic temperatures TBG and Tx. Due to the
similar values of charge carrier density, the values of TBG are similar
for the graphene treated with metal deposition and aqua regia and
the graphene protected by PMMA (128 K and 100 K, respectively).
The values of Tx are very different because of the different mean
free paths, yielding Tx ¼ 42 K for the graphene treated with Pd
sputtering and aqua regia and a lower value, about 10 K, for the
graphene protected with PMMA. This means that even though all

the bolometers operate in the same temperature range, below 30K,
those treated with metal sputtering and aqua regia operate in the
low-temperature regime, with T0, Te < Tx, where the cubic power
dependence holds, whereas the bolometer with the graphene
protected by PMMA operates at temperatures very close to or
higher than the crossover temperature Tx, where the temperature
dependence for normal collisions dominates.
From the slopes of the Te vs. P1/3 plots, ranging from 0.18 to
6 W K3m2, we can extract the deformation potential D and ﬁnd
that it varies from 3 eV to 18 eV for the different samples treated
with metal sputtering and aqua regia. These values are within the
range found in other studies [10,28e30]. We also extracted the
deformation potential from the slope of the Te vs. P1/4 of the PMMAprotected bolometer and found a larger value of D, about 40 eV, but
still within the range of values found from previous work [11].
Having established that the quality of the graphene and the
cooling mechanism can be controlled with the fabrication process,
it is now important to understand which type of graphene and
cooling mechanism will yield the best bolometric performance.
Supercollision cooling yields faster devices, but its effect on one of
the most important ﬁgures of merit, the bolometric responsivity,
has not yet been explored. The responsivity is deﬁned as the change
of voltage DVDC across the device caused by the incident light
divided by the absorbed power, r ¼ DVDC/DP ¼ IDC(DR/DP) ¼ (IDC/
GTH)(DR/DT), where GTH is the thermal conductance, DR is the
change in resistance caused by a temperature increase DT and DVDC
is measured at a constant current IDC. As discussed above and in our
previous work [23,24], the temperature dependence of the quantum dot resistance is mainly determined by the quantum dot
diameter, but the thermal conductance and its temperature
dependence will strongly depend on the graphene quality and the
graphene cooling mechanism. We can extract the thermal
conductance directly from the data in Fig. 2 using GTH ¼ dP/dTe.
Fig. 3 (b) shows the thermal conductance as a function of temperature for all the samples discussed above. Although the values of
thermal conductance of all the samples are comparable at low
temperature, it is clear that the thermal conductance increases
more slowly for the samples with supercollision cooling compared
to the temperature dependence of the thermal conductance of the
PMMA-protected sample undergoing normal collision cooling, as
expected from the different exponents of the power law for the two
different mechanisms. Since high responsivity requires lower
thermal conductance, it is clear that the samples undergoing
supercollision cooling will yield higher responsivity in a wider
dynamic range.
So far we discussed the cooling properties of electrons in steady
state, where the power absorbed from the incident radiation balances the energy lost via cooling. Now we focus on the regime
 
e
where Ce dT
¼ P  Q s0; to see how the defects induced by the
dt
different fabrication processes affect the cooling dynamics of
electrons in graphene. We performed pump-probe measurements
of the samples SA and SB at room temperature. The measurements
were performed in the mid-IR spectral range, with wavelengths of
the pump pulse set to 1.4 mm and the probe at 5.5 mm(see Fig. S1 in
the Supplementary Information). The pump and probe were
approximately 100 fs in duration, with radii (e1 of the intensity) of
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Figure 4. (a) Raman spectra of graphene on SiC substrates for two separate regions: region SA treated with Pd sputtering subsequently removed with aqua regia (black) and region
SB with graphene protected with PMMA (green). The curves are shifted vertically for clarity. All spectra are taken at EL ¼ 2.33 eV (lL ¼ 532 nm). (b) and (c) Time-resolved differential-transmission measurements for Pd sputtered (SA) and PMMA covered (SB) graphene on SiC, respectively, measured at room temperature. The red curves show ﬁts to the data,
using the model discussed in the text. The insets are enlargements of the graphs in the short time delay range. (A colour version of this ﬁgure can be viewed online.)

x100 mm and x35 mm, respectively, both much smaller than the
size of the SA and SB regions, which ensures that the probe beam
samples a spatially uniform region of photoexcitation. The pump
and probe pulses were co-polarized, and co-focused at near-normal
incidence angle on the graphene face of the surface. A small angle
(approximately 4 ) was introduced between the pump and probe,
thereby permitting spatial separation of the transmitted far-ﬁeld
probe pulse from the incident pump pulse. A 5.5 mm bandpass ﬁlter was employed immediately after the difference frequency
generation crystal to block the residual 1.4 mm and 2.0 mm radiation
from the probe beam, and the transmitted probe pulses were
measured using a cooled HgCdTe detector, which was preceded by a
long-pass ﬁlter to extinguish any scattered pump radiation at
1.4 mm. Although the step-size of the mechanical delay stage used
in the experiment was 33 fs, in practice the measurement resolution is limited to ~150 fs by the ﬁnite pump and probe pulse durations, which were each estimated to be 100 fs.
The time dependence of the differential transmission for sections SA and SB is shown in Fig. 4 (b) and (c), respectively. As
explained in the supplemental material (Figs. S2eS4), the differential transmission shows positive values right after the pulse,
when Te is highest, then decreases sharply to negative values and
reaches a minimum before increasing towards vanishing values.
This non-monotonic time-dependence of the differential transmission can be used to extract information on the time dependence
of the electron temperature. In the pump-probe measurements, the
pump beam is optically chopped, while the probe beam is synchronously detected, thereby measuring the fractional change in
transmission Dt/t0 ¼ (t-t0)/t0 as a function of the relative time
difference between the pump and probe pulse, where t0 represents
the optical transmission of the (room-temperature) graphene ﬁlm
in the absence of a pump pulse and t is the time-dependent
transmission under optical illumination. The mid-infrared optical
transmission through the graphene sample depends implicitly on
the electron temperature, through the relation t ¼

4Y1 Y2
jY1 þY2 þsðu; Te Þj2

[31], where Y1 and Y2 represent the admittances of the incident and
substrate regions respectively, and s(u,Te) is the complex conductivity of the graphene sheet, which is related to the temperature
through the Kubo model [32]. The initial electron temperature,
immediately following the absorption of the pump pulse, can be

1=2
2
hP
2pk E
Ce
approximated as Te; peak ¼ T 20 þ 2 a ppump
: Here a ¼ AT
¼ 3 Z2By2F is
w2
F

the heat capacity coefﬁcient, h is the fractional absorption in the

graphene ﬁlm, Ppump is the pump power and wis the width of the
optical beam at the focus. For the ﬂuence and beam diameter used
in the experiments, we estimate Te,peak ¼ 10,000 K. Assuming that
supercollisions are the dominant cooling mechanism (we note that
the pump-probe measurements are performed at room temperature, above TBG for both SA and SB), the electron temperature relaxes to the lattice according to the dynamical equation:

aTe ðtÞ dTdte ðtÞ þ S2 ½Te ðtÞ3  T 30  ¼ 0:Fig. 4(b) and (c) show the best ﬁts
to the data for samples SA and SB, using the parameters shown in
Table 2.
When selecting the parameters to match the pump-probe data,
we ignored the initial fast positive transient response prior to the
dip in transmission, where other cooling mechanisms may
contribute to the response [12,33] and the measurement resolution
is insufﬁcient to completely observe the dynamics. The mobility
and charge carrier density values yielding the best ﬁts are in very
good agreement with the parameters independently measured by
Hall measurements on the PMMA-covered sample (SB), whereas
they are off by about a factor of two for the sample that was treated
with Pd sputtering (SA). We note that the pump probe measurements were performed about one month before the transport
measurements and the sample properties might have slightly
deteriorated for the unprotected sample SA, due to sample
handling and its exposure to ambient conditions. Nevertheless, the
P
pump probe measurements conﬁrm that the cooling coefﬁcient 2
is higher for the sample treated with Pd sputtering, leading to a
faster response time and consistent with a shorter mean free path
and higher defect concentration [7,12]. Moreover, the values of
obtained S2 from the pump-probe measurements are well within
the range of the values obtained from the linear ﬁts of Te vs. P1/3
from the transport measurements of the quantum dot bolometer
samples in Fig. 2(b).

Table 2
Parameters used for the temperature model ﬁts on time resolved measurements in
Fig. 4(b) and (c).
SB (PMMA Covered)

SA (Pd sputtering and aqua regia)

m ðcm2 =VsÞ

 3:4  1012
260

11  1012
90

l ðnmÞ

5.4

3.5

a ðJ=m2 K2 Þ

1:2  109
0.28

2:2  109
1.3

n0 ðcm2 Þ

S2 ðW=m2 K3 Þ
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3. Conclusions
In summary, we studied the cooling mechanism of graphene
epitaxially grown on SiC. We show that the fabrication process,
including the deposition of thin metallic layers and exposure to
aqua regia, substantially affects the defect density and the cooling
mechanism. We ﬁnd that the combination of faster response time
and lower thermal conductance in a wide range of power and
temperature make defective graphene the best material for bolometric applications.
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