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ABSTRACT. We investigate hot carrier propagatioroas graphene using an electrical nonlocal
injection/detection method. The device consista ofonolayer graphene flake contacted by
multiple metal leads. Using two remote leads fectlcal heating, we generate a carrier
temperature gradient that results in a measurbablenbelectric voltag¥y, across the remaining
(detector) leads. Due to the nonlocal charactéh@imeasuremen¥y, is exclusively due to the
Seebeck effect. Remarkably, a departure from ttmary relationship between Joule power
andVy., VaL ~ P, becomes readily apparent at low temperaturesgsepting a fingerprint of

hot-carrier dominated thermoelectricity. By studyWy,_ as a function of bias, we directly



determine the carrier temperature and the charstitecrooling length for hot-carrier
propagation, which are key parameters for a vanétyew applications that rely on hot-carrier

transport.

Understanding the heating, energy flow and relaxatif two-dimensional carriers in
graphene is essential for the design of grapheswrehic devicesS.In contrast to conventional
metals with large Fermi surfaces, thermal decogptihelectrons from the crystal lattice leads to
very slow electron-lattice cooling raté$ Electrons can be easily pushed out of thermal
equilibrium with the lattice, even under weak eleal driving, and the generated hot carriers
can propagate over extended distande@emarkably, such hot-carrier transport regime can
occur at room temperature, resulting in novel thestectric and optoelectronic phenoména.
combination with its large mobility and fast elécat response, these phenomena make graphene
a material with great potential for a variety opagations, including bolometry, calorimetry and

THz detector§:*°

The inefficiency of carrier cooling originates fraire intrinsic properties of graphene.
Because of the large optical phonon engrgy~ 200 meV, the most efficient mechanism
available for hot-carrier cooling at low energisshe emission of acoustic phondifHowever,
a small Fermi surface and momentum conservatioereBvrestrict the acoustic phonons that
can scatter off electrons. This leads to the olagem of unconventional high-order cooling
pathways assisted by disorder (“supercollision€),Svhich become dominant by relaxing the

restrictions in phase space for acoustic phonotteszay '3



Experimentally, the temperature of hot carrigshas been determined by means of
spontaneous optical emisstdand Johnson-noise thermometry measurentéhtsyhereas their
dynamics has been investigated using ultra-fastppprobe spectroscopgy:?’However, the
propagation of hot carriers injected by electrab@ing has yet to be investigated. This is critica

for the understanding of energy flow at the nanlesaad its control in high-speed devices.

In this work, we report hot-carrier propagationass monolayer graphene (MLG). Hot
carriers are generated locally by a bias curréet diffuse away from the injection point, and
are detected electrically with voltage probes region where no current circulates. The carrier
temperaturdc is deduced from the detected thermoelectric voliageand the Seebeck
coefficientSof the sample. The temperature and current depeedHWVy,_ enable us to identify
when the carriers reach the detectors before tHeingawith the lattice, which remains at a
lower temperaturd_ . We demonstrate that the presence of hot camestdts in a strong
increase oWy, at low bath temperaturd$,, and a clear departure from the ordinary linear
relationship between Joule povwrat the injector an¥y, VaL ~ P, which is typically found in
conventional thermoelectric experiments for whigh~ T, (see Refs. 21, 22 and 23).
Additionally, we observe that the bias dependerici:-@s consistent with the energy relaxation
rate predicted by the SC mechaniSrBy measuring/y. as a function of the distance from the
injection point, we can determine the characterisbioling length for the electrically injected
hot carriers. The measured voltage approaches inroMr devices but we expect it to be much
larger for high-quality graphene, resulting in sgense that needs to be taken into account in

high-frequency graphene transistors.

Graphene devices used in this work were prepareddphanical exfoliation of MLG

ontop-doped Si/Si@(440 nm) substrates. The devices were preparedirsteps using



electron-beam lithography. First, we depositedranrphous carbon layer in the contact area
just after exfoliation using electron-beam indudegosition (EBID), as described elsewh&re.
Second, we defined electrical contacts with a wafthO0 nm. The contacts were made by
electron beam evaporation of Ti (5 nm)/Pd (60 mm3 thamber with a base pressure 6t 10

Torr. The conducting-Si substrate was used to apply a back-gate volfaggeelative to the

device to control the carrier densityf the MLG. The presence of the amorphous carager|
results in a contact resistance of ~5 kOhm, andlfulhe purpose of reducing the influence of
the contacts in the hot-carrier dynamics. We haeemtly found that amorphous carbon does not
affect the charge transport properties of graphereserving its mobility, but notably helps

electrically detach the MLG from the leads.
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Figure 1. (a) Scanning electron microscope imagsdfcolor) of a monolayer graphene (MLG)
device and the non-local measurement scheme. €htiedl current, applied between contacts
l. andl., results in a thermal gradienflc along the device. The non-local signal is measured
between contacté? (beingd the detectors 1, 2 and 3) avif®™. All the electrical contacts have

a width of 100 nm. (b) Back-gate dependence ofsthere resistance in the detector 1 region at
room temperature. The top axis shows the carriasitien. (c) Seebeck coefficient calculated
from the Mott expression (left axis-solid line) atie quadratic fitting paramet&r (right axis-
open circles) as a function Wgsat 296 K. We observe a good agreement betwagnand)_ vs

VB(3.



Figure 1(a) shows a scanning electron microscopgénof one device with a schematic
of the electrical connections. The measurementrsehaimics that of the nonlocal spin
injection/detection technique that is commonly useihvestigate spin transpért?®#’A current
| between contacis andl. generates hot carriers that diffuse away fromnjeetion region,
which are then detected with remote voltage probles.measured voltadé, is said to be
nonlocal (NL) because no electrical current flowshe detection region. In our devices, we
define a set of three detectors with associateenpiaiV.® (d = 1, 2 and 3) that are located at
specific distances (1, 1.5 and 2 pm respectivebmfthe injector contadt (see Fig. 1(a)). The
thermal and hot-carrier transport properties ag@ thvestigated by measuring the nonlocal

coMm
-\

respons&/y = V.4 in the remote detectarrelative to the common detecta M.

Samples are placed in a liquid helium continuoa®g+tryostat that allows us to precisely
control Tyath between 10 K and 296 K. Measurements are cartieda function of a4 and the
back-gate voltag¥sg in the linead-V regime, where scattering with interfacial $ghbstrate
phonons and optical phonons is ab$&At.The three detectors allow us to determine the
temperature of the carriers at different positionthe MLG. We have measured five devices that
showed similar results. The data hereby presenezd acquired with two of them (device 1 and

2). If not specified otherwise, all data shown espond to detector 1.

We first realized a full electrical characterizatiof the devices. We carried out
measurements where current is applied betweenutieensost contacts and the voltage measured
between pairs of inner contacts. In device 1, geaphs slightlyp-doped with the charge

neutrality point (CNP) at/cnp = -2 V, the residual carrier densityris= 104 cmi? and the carrier



mobility pt = 5,000 crif/V-s at a carrier density of= 10*cm®. Figure 1(b) shows the gate-
dependent square resistaftmeasured in the first detector. We found Ras Vg presents a
similar behavior independently of the voltage cotdaelected, which demonstrates that the
contact probes do not significantly modify the spart characteristics of the graphene

underneath.

We then measured the non-local respongeas a function of the applied currérfor
differentVge. Figure 2(a) shows measurements at room temper@ija = 296 K). At any
givenVgg, We observe a parabolic dependencéefwith currentl. The parabolic behavior is
verified in Fig. S1 of the Supporting Informatiamhere it is observed that the data in Fig. 2(a)
can be linearized by plottingy. (1) vsI%.The change from an upwardy( > 0) to a downward
parabola Y. < 0) occurs progressively withand correlates with the change from electron to
hole conduction; in particular we observe t¥gt(l) is zero for all at the CNPrf = 0). Figure 2
(b) showsvy. vsn for specific applied currents (marked by verticaés in Fig. 2(a)), where the

progressive change from electrons to holes is lgl@dserved.

Notably, the parabolic dependence betwdgnandl (i.e, Vy. [ P) morphs intovy, [
12V oc PV with v < 1 for temperatureéByan < 100 K (Fig. 2(c), see also Fig. S2). As Tggn = 296
K, VL changes from positive to negative when passing tectron to hole conduction, with no
signal at the CNP. HoweveYy, is larger and the change from upward to downwarsature is

significantly more abrupt, as observedAn vsn cuts at fixed (Fig. 2(d)).

To interpret the results in Fig. 2, we first ndtattcarrier-carrier scattering processes are
much faster than the electron-phonon scatteringwsats>* independently oTpam AS a

consequence, a hot carrier population is estaldlithest can be described by a thermal



distribution with a well-defined temperatufe > T,,***®*'which decays away from the injector.

ThereforeMn . can be expressed as
d ¢
VNL = — TEOM S(T¢) dT¢ 1)

whereT is the carrier temperature at the detedtandTc“°M is the carrier temperature at the
common detector. As discussed beldg;”" ~ T, ~Thai because the distance between the

injector and the common detector (2.5 pm) is macddr than the cooling length
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Figure 2. (@M. vs| for differentVgg (from -26 V 1 = -13x 10" cm®) to 26 V i = 13x 10"
cm?) and (b)VaL vsn at fixed| (100 pA 150 uA, 200 pA). Measurements in (a) and (b) are
performed at 296 K. (c) and (d) show analogous oreasents at 10 K. At 296 K, a quadratic
dependence o¥\. vs| is observed. At 10 K, the presence of hot cariiethe detectors results
in a largeVy. and a strong departure from such quadratic depeede



We also note that, as shown in Refs. (21, 22 andt28 thermopower in graphene can be

predicted by the semiclassical Mott relatin,

s = (S527) (7)., @

wheree is the electron chargkg is the Boltzmann constant, akgis the Fermi energ\svot is
therefore a good approximation for the graphend&secoefficienSin Eq. (1). The calculated
Sviort @t 296 K is shown in Fig. 1(Cuor reaches a maximum value of 49/K and changes

from positive to negative at the CNP, indicating ttature of the majority charge carriers in the

system.

The parabolic behavior found in Fig. 2(a) ceunderstood from the Joule dissipation at
the current injector and the cooling rates involw&tdlarge enough bias, heat diffusion into the
leads and into the unbiased graphene regions caadbected and thus the cooling of the carriers
is mediated by the electron-lattice couplfign addition, at room temperature, we expect that
the carrier cooling time for our MLG is ~10 Psand the typical cooling length< 100 nm,
which is much smaller than the electrode separafibarefore, the carriers are thermalized with

the lattice Tc = T.) at the detector region all the way to within 100 of the injector.

Under these conditiors the steady state solution of the heat equatiowsthisat the
temperature gradieffTc at the detectotis VTc 0120 P. ForTe? - TeCM ~ Te? - Toath << Thath
we obtain, using Eq. (Vg ~ — S(Tpawn) (T = Thaen) % =S (Thaen) 12, that is,Vy® O P.
Therefore, at sufficiently highya, the thermoelectric response of our devices idaino that
found using an external heafé> despite the fact that, in our case, graphenertopaaid

heater.



In contrast, at low enough temperatures (below K)Q@he hot-carrier lattice
thermalization length can exceed a few hundred metes* and, therefore, the conditiofiis =
T andTc? - Toan << Toamr are no longer satisfied at the detectors. Astilisd in Fig. 2(c) for
Toath = 10 K, this leads to a remarkable increaséynand to a dramatic departure from the
linear relationship betweevy,. andP. Such behavior contrasts to that observed in qaioel
thermoelectric experiments, where the relationshipd P is valid at all temperaturés? This
is verified in Fig. S3, where we show thermoelectneasurements using an external heater. In
those conventional experiments, the temperaturégater in Eq. (2) reduces the thermoelectric
voltage by a factor ~30 from room temperature t& 10 our hot-carrier Seebeck
measurements, we observe Mgt is actually larger afpan = 10 K than alfpam = 296 K. By

inspecting Eq. (1) and (2), this is possible gt = 100 K.

The presence of hot carriers and the main relaxdtyodisorder-mediated scattering, or
supercollisions (SC), accounts for the changeerfiinctional dependence at low temperatures.
Recent experiments using Johnson-noise thermorimetwo-terminal devices have
demonstrated that: can reach 400-700 K with a Joule power 0.2 mWim?. Therefore,
assumindg’g > T;; Tyaen andTEOM = Ty, , We integrate Eq. (1). By taking into account Eq.
(2), we obtair/,, « TZ, which combined with the predicted supercollistmergy power loss
A(TE — T2), results iV, o« P?/3, and thusy = 2/3, which is in agreement with our

experiments.

The increase that we observey at low temperatures is also a signature of SCeheas
dependence expected from momentum-conserving sogttey acoustic phonons predicts the

opposite behavidl* This phenomenon can be understood by considdtmtemperature



dependence of the cooling ratéor hot carriers in the regimi > Tgg, whereTgg is the Bloch-
Griuneisen temperature, which in graphene setsahedary between direct electron-phonon

scattering T. < Tgg) and the regime which is dominated by STs* Tgg). Direct emissions of

acoustic phonons are rare leading to a coolingysate 1/TL that would produce a decrease of

the non-local response with decreasing temperaturmwever, SCs lead to a cooling rate
¥sc < T, where the proportionality constant is related wiita amount of disorder in the
system:* The decrease of the cooling rate with decreasimperature in the latter model

explains the increase in the nonlocal response.

The nonlocal voltage decreases monotonically vathgerature, indicating that we do
not achieve the regime for direct emissions of gimsn The reason is twofold. First, the high
disorder concentration in our devices hinders thectiemission of phonons, and second, the

injection of current likely results i, > Ty, even folTy .., < Tps. INdeed, the expression for
Tec is given bykg Ty, = <2v5/UF) Er, with v, andvy the sound and the Fermi velocity

respectively. This temperature can be tuned t#th.e with the back-gate voltage. For the
maximum back-gate voltage applied to our sampl&3/)2 we obtairTZ;**= 20 K. This means
thatTge** is not far from the lowest temperatures that weea® in our experiments and,
therefore, it might be difficult to access the mgiwherel’, < Ty, except perhaps at low
currents. This argument is supported by the dakgn2c, which appears to be somewhat more

parabolic at low for large gate voltages, although the results ateonclusive (see Fig. S4).

The abrupt change in th&, vsn cuts at fixed (Fig. 2(d)) is a consequence of a larger

rise inT¢ close to the CNP. This is partly due to the faat the Joule power dissipated in the

10



MLG is distributed over a relatively small numbércarriers close to the CNP. Therefore, even
though the overall shape of the Seebeck coeffisigmtack-gate voltage is unchanged with
temperature, the temperature gradient at the aetscgjate dependent at low temperatures. This
does not occur at room temperature because theatiss, and temperature gradient, is

dominated by the high-resistance contacts.

The same result is observed in the other measwédeas. Figure 3 shows a comparison
for device 2 betweeSByo: calculated at 296 K and at 77 K avig. measured at the same
temperatures. For this devidéy has a similar magnitude at 77 K and at 296 K. Herehe
shape difference between them close to the CNPtadine larger rise ific, is evident; such a

difference is not observed &y (inset Fig. 3).

For a quantitative understanding of the thermoateotsponse, we fit our results in Fig.
2 (a) toVy, = V; + ZI?, withV, and} as the fitting parameters. Hepe[] S - S, with S the
graphene Seebeck coefficielit; andS account for a small gate-independent thermoetectri
voltage generated along the measurement linesteBu#ting)’ vs Vg is shown in Fig. 1(c)
(open symbols). As discussed abdSigy: predicts the thermopower in graph&rfé we thus
expect thad will closely follow Syet. Indeed, the comparison betweemndSyor: Shows
excellent agreement. Moreover, from the proporiipnaonstant betweeh andSyoi, we
calculate thalTc® - Tpam ~ 83 K/mA for detector 1. At = 250 A, this is equivalent to about 5
K, which proves thatc? - Tpam << Tha Such values agree with those estimated with nigaler

simulations using COMSOL and realistic device patars.

For intermediate temperatures (< 150 K), we folrad the experimental results can be

fitted to the empirical expressidfy, = V; + B|I|*¥ + Z(Tpqen)I?, with v= 2/3. Here}, andp

11



are the only fitting parameterg|*/ stands for the functional dependefi% < P?/3, and
2(Tyaen) = 2(296 K)(Zgﬁ) (see Eq. (2))We observe that, which in a way represents the

thermoelectric voltage due to the excess tempearatinot carriers, increases rapidly at low

temperatures, especially below 100 K.
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Figure 3.VyL vsn measured at 296 K (open symbols) and 77 K (fufitsols) as well as the
calculated Seebedoefficient from the Mott expression (line) at geme temperatures (device
2). At 296 K,Vy. is well described b$vor While at 77 K, deviations near the CNP=0) are
observed due to hot carriers. InS®fer: at 296 K (left axis) and at 77 K (right axis).

For an additional test of the SC mechanism, weaeKii: as a function of the dissipated

powerP in MLG.** We integrate Eq. (1) and take into account Eq.dqBjaining,

Te = \/(n)z + 2( VNL/,(D, (3)

12



wherex = ("Z:‘%) (2_?)5:51:' For Tyath = 10 K, we estimate that the carrier temperattithea
first voltage detector is as high Bs= 165 K forP0.65 mW/ur andn ~ 2.5-16" cmi® (see
inset in Fig. 4(a)). Figure 4(a) illustratEd/P vsP. As predicted for the SC model, a plateau
(P < TZ) is evident for sufficient Joule powBrwhere the conditioff, > Tgg is fulfilled,

whereasl ¢ rises faster nearby the CNP due to the relatiseigll density of carriers, as

discussed above.
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Figure 4. (a) (Inset) Carrier temperatUigat detector 1 as a function of the Joule poR¢per
unit area) that is dissipated in the MLG for thdiagated carrier densities, In the representation
TZ/P (main figure) a plateau develops. The carrier teraure is larger as approaches the
CNP, mostly due to the reduced concentration aferar (b)Vn. vs P (log-log scale) measured
in the three detectors. Dash-grey line indicatepesil ¥ [ P). Inset:T¢ vs distancd. from the
injector for the indicatedh. The lines are the best fits to the steady statepérature profile
expression in the main text. Data in (a) and (b)raeasured at 10 K.

Finally, we use the three detectors (Fig. 1 (apdtimate the cooling length At Tpam =
10 K we measure the same sub-linear dependendgg oEP in the three detectors, indicating
the presence of hot carriers in all of them. Thidemonstrated in Fig. 4(b), whéfg O P is

shown for comparison. The temperature profile actbhe detectors is evaluated using Eq. (3) for

13



P0.65 mW/urm, presenting a characteristic cooling length onattier of 1um. Because of the
large variations of¢, it is unclear if the profile obeys an exponentiah power law. In photo-

thermoelectric experiments,&was obtained using the heat diffusion equationsehgeneral

solution isT;(x) — T;, « sinh [(D B x)/f , WwhereD = 2.5 um is the distance between the

injector and the common voltage detector. By fgtour data with this model, we obtaji= 0.7-

1.1 um fom in the range of ¥ 10" cm? to 2.5x 10"* cm? (see inset of Fig. 4(b)).

Our devices show a rather fast relaxation of hotexs. This is likely related to a
relatively high concentration of impurities, whigdsults in large SC rates. Extrapolationxte O
leads to hot-carrier temperatures of 370-450 Katrjector. These values are lower than those
reported in Ref. 13, within a factor of 2, whichghi be related to a lower density of scattering

centers in graphene on boron-nitride substrates.

In summary, we have proposed and implemented aerperimental technique based on
non-local measurements to detect the presencet cbiheers in graphene. The technique allows
us to directly determine the carrier temperatunemote voltage probes. Analysis of the non-
local response as a function of temperature shawdglifferent regimes. At high temperatures,
the magnitude of the detected signal and its linelationship with the dissipated Joule power
can be accounted for by a model where the elecamnthermalized with the lattice. In essence,
the results do not differ from those obtained vaithelectrically isolated heater. For low
temperatures, however, the non-local response qireaeclear departure from the above linear
relationship, with a signal much larger than thaqiexted by simple Joule heating of the lattice.

We demonstrate that the magnitude of the signaltarfdnctional dependence with power are

14



strong evidence of hot-carrier generated thermtredamltages and that the supercollision
mechanism is the predominant cooling pathway fa+rdaorier cooling. Future experiments could
investigate the relative weight of the differeréaton-phonon scattering processes in multilayer

graphene, in particular at high bids.

Beyond carrier-phonon physics and novel hot-cathermoelectricity phenomena, our
work has important implications for the design wfiispeed graphene-based devices. In the low
temperature regime, the magnitude of the hot-gatieymoelectric signal is as large as a few
hundred microvolts but it can be much larger imhigiality graphene. Because the peak
Seebeck coefficient scales withiy/n,,, a decrease in the residual carrier concentratiby two
orders of magnitude, which is typical for suspengebhene or graphene on boron nitride, will
result in a tenfold increase in the signal. Thaalgvill be further enhanced by an increase of the
mean-free path, which will decrease the rate oéstgilisions as well as strongly increase the
carrier mobility and diffusion constant. Therefattee hot carriers will be longer lived and
diffuse much further than in our devices. Undestheonditions, it is plausible that the signal
can be as large as a few hundred mV, even at rempdrature. It will thus strongly impact the
performance of conventional graphene devices, atiteasame time, create new opportunities

for nanoscale bolometry and calorimetry.
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Content

Linearized data in Fig. 2(a) by plotting the norlbuoltageVy. vs I in order to help visually
verify the parabolic dependence in this figuwgi vs | for selected temperatures; measurements
using external heater and comparison with resudisgudevice 1V vs | for low | at 10 K,

showing a parabolic-like behavior.

Corresponding Author

* juan.sierra@icn.caBOV@icrea.cat

20



100
100

Vi (1Y)
V,, (V)

-100
-100

Figure S1. Linearized data from Fig. 2(a) by phajtihe nonlocal voltag®y. vs 1. This helps
verify visually the parabolic dependence in thig.F2(a). Measurements for negative and

positive currentsl, are shown in the left and right panels, respebtivThe black dashed-lines
are guides to the eye.
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Figure S2Vy vs| for selected temperatures. Aam= 180 K, Vi is parabolic; affpam= 100 K
and belowyy, is larger and markedly non-parabolic.
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Figure S3. Left panel: Non-local voltagéy. vs| at Tpah = 77 K for different back-gate voltages
in a sample with an external heater. Middle par&lsarized datayy, vs 1% from the left panel
for negative (bottom) and positive (top) curreintRight panelVy. vsl at Tpan = 77 K for device

1 (blue) and for the device with external heatedYm = 1 x10"? cm®.
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Figure S4Vy_vs| for low | at 10 K, showing a parabolic-like behavior onlyaty low currents

(I < 25uA) and more clearly at negative back-gate voltggegativeVy,). The results are non-
conclusive due to the noise level of the measurésnen

22



