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Electrical performance of a graphene FET is drastically affected by electron-phonon inelastic scat-

tering. At high electric fields, the out-of-equilibrium population of optical phonons equilibrates by

emitting acoustic phonons, which dissipate the energy to heat sinks. The equilibration time of the

process is governed by thermal diffusion time, which is few nano-seconds for a typical graphene

FET. The nano-second time-scale of the process keeps it elusive to conventional steady-state or

DC measurement systems. Here, we employ a time-domain reflectometry-based technique to elec-

trically probe the device for few nano-seconds and investigate the non-equilibrium state. For the

first time, the transient nature of electrical transport through graphene FET is revealed. A maximum

change of 35% in current and 50% in contact resistance is recorded over a time span of 8 ns, while

operating graphene FET at a current density of 1 mA/lm. The study highlights the role of intrinsic

heating (scattering) in deciding metal-graphene contact resistance and transport through the

graphene channel. Published by AIP Publishing. https://doi.org/10.1063/1.5006258

Extraordinary electrical properties of graphene have

opened up new avenues in electrical1–3 and quantum systems.4–6

In a FET architecture, these properties are adversely affected

by electric fields and interface (metal-graphene and substrate-

graphene). The high electric field in the channel increases the

population of optical phonons, which in turn cause excessive

self-heating7 and early velocity saturation, overall making the

transport more diffusive. The intricate metal-graphene interface

has been widely studied and found to be a major performance-

killer.8 This interface also shows a strong dependence on temper-

ature.9 The substrate-graphene interface plays a vital role in

deciding thermal transport through graphene and the substrate.10

Note that the field-dependent phonon population and metal/

substrate graphene interface show dependence on temperature;

therefore, a coupling among them and a transient state of

electro-thermal non-equilibrium are expected at elevated tem-

peratures, which generally occurs during high field electron

transport. Since transport of heat plays a dominant role in the

transient non-equilibrium state, only the investigations resolved

at the time-scale comparable to phonon or heat transport along

the channel can give details hidden in the transient state. Such an

investigation is of vital importance in applications where switch-

ing or signal propagation happens at a very small time-scale.

Few such applications include graphene nano-ribbon-based

interconnects11 and graphene-based RF transistors.12 In this con-

tribution, we explore the electro-thermal non-equilibrium state

of graphene FET (GFET) by electrically probing the device at

very small time-scales. In order to ascertain the temporal limits

of the transfer of heat, we invoke the thermal network of GFET,

as shown by lumped models of thermal resistance (R) and capac-

itance (C) in Fig. 1(d). In each branch of the network, a transient

state of thermal non-equilibrium exists from t¼ 0þ to t¼RC
(¼l2/a, where l is the length along which the transfer of heat

happens and a is the thermal diffusivity of the material) and the

branch with maximum RC defines the temporal resolution of the

thermal network. For a micron-long graphene sheet (a � 10�4

m2 s�1)13 resting on 285 nm thick SiO2 (a �10�7 m2 s�1), the

calculation of the RC product reveals a thermal diffusion time of

�10 ns across SiO2
14 and �200 ps across the graphene chan-

nel.15 Therefore, the temporal resolution of the GFET is around

10 ns. Motivated by this time-scale, we electrically probe the

device for few nano-seconds.

Electrical measurements on GFETs at a smaller time-

scale were earlier reported as a technique to investigate the

effect of charge-trapping on saturation characteristics of the

transistor.16–18 Time-resolution of those measurements was

FIG. 1. (a) and (b) False color SEM image of TLM-based GFETs used in

this work. (c) Schematic of the GFET and corresponding thermal network in

(d). Rg and Cg represent the lumped thermal resistance and capacitance,

respectively, for lateral conduction of heat through graphene, while Rox and

Cox represent the same parameters for vertical conduction of heat through

SiO2. 3D conduction of heat is not considered, as it plays a dominant role in

GNRs only.21 (e) 2D/G> 1 and suppressed D peak in Raman spectra high-

light the monolayer coverage.
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limited to hundreds of nano-seconds, which in turn made the

measurements insensitive to the electro-thermal non-equilib-

rium state of the GFET. Ramamoorthy et al. had employed a

rapid pulsing system to achieve drift velocities in the range of

108 cm/s.19 Although the reported system was able to apply

electric fields for sub-10 ns duration to accelerate carriers to

high velocities, the transient response of electro-thermal trans-

port was not adequately captured due to limitations of the set-

up, which involved repetitive sampling of a large number of

transient waveforms. Measurements performed in a repetitive

manner put a blanket on any transient behavior, while stress-

ing the device multiple times with the same electric field.

Investigation of the transient behavior requires stressing

through a single pulse, where a pulse corresponding to a par-

ticular voltage is applied only once, and the transient data cor-

responding to voltage and current are precisely captured. In

this work, we circumvent the limitations of measurement sys-

tems reported so far, including DC and pulse, and investigate

nano-second time-resolved transport through GFET, while

injecting and analyzing “single” transient waveform corre-

sponding to a particular current-voltage value. Note that con-

ventional steady-state or DC measurement systems require

few milli-seconds to acquire a current-voltage data point and

hence cannot be used to capture events happening at the nano-

second time-scale. Here, we deploy an ultra-fast transient tech-

nique known as time-domain reflectometry (TDR)20 to per-

form nano-second time-scale electrical measurements on

GFETs (Fig. 2). Measurements were performed by injecting a

set of discrete electrical pulses through GFET by RF probes.

The voltage pulses were injected using a 50 X RF probe, while

the corresponding response was sensed by a 1 kX RF probe.

Note that instead of using wire-bonds, the devices are directly

probed through RF probes, which negates the effect of para-

sitic inductance from wire-bonds. Moreover, 50 X matching

across the system, semi-rigid SMA with uniform silver-plated

copper wire (Sucoflex 104P), and precise calibration suppress

the effect of parasitic elements. In every set, the pulse-width

and gate-voltage were kept fixed, while the drain-source volt-

age was monotonically increased. GFETs were electrically

probed through multiple measurement sets, each with different

pulse-widths and gate voltages. Low-bias (100 mV) device

resistance was extracted during the inter-pulse delay period,

variation in which was used as an indication of high-field

induced degradation. Devices showing change in the low-bias

resistance were not used for the analysis. The measurement

system set-up in this fashion enables precise capture of both

voltage and current transients during high-field transport at the

time-scale of sub-10 ns. The sequence of process steps fol-

lowed for fabricating the devices used in this work is as

follows: (1) transfer of graphene to the target substrate, (2)

e-beam and O2 plasma-assisted patterning of the channel, (3)

e-beam patterning of contacts, and (4) metal deposition and

lift-off. A total of ten devices with different values of thermal

conductance were fabricated by changing the oxide thickness,

channel length and width. Values of these parameters are men-

tioned in the succeeding discussion. Note that the measure-

ments reported in this work were performed in a four-probe

fashion, at room temperature in the ambient atmosphere.

Figure 3(a) shows the electrical response of a GFET in

sub-10 ns duration. The pulse current shows a reduction with

the increase in pulse time [Fig. 3(c)]. Such a dependence of

current on time indicates the presence of coupling between the

electron transport and non-equilibrium phenomenon. Possible

reasons behind the time-dependent reduction in current are

(1) trapping/de-trapping of charge carriers in the dielectric,

(2) gradual degradation of the GFET, and (3) propagation

of scattering-induced heat across the device. Charge trapping/

de-trapping in the dielectric happens at the time-scale of micro-

seconds to milli-seconds,16 which is beyond the excitation/

capture window of our measurements, and hence, their role can

be safely neglected. At high electric fields, the scattering-

induced rise in temperature along with atmospheric oxygen can

cause gradual oxidation of graphene. In order to determine any

high-field induced oxidation of the lattice, low-bias device

resistance is extracted after every pulse, as depicted in Fig.

3(b). The extracted resistance does not show any change due to

the application of the high electric field across the channel,

which negates any occurrence of gradual degradation of GFET.

The possible role of propagation of scattering-induced heat

across the device in causing time-dependent change in current

is investigated by analyzing the dependence of transient reduc-

tion on thermal resistance of the substrate and graphene sheet.

Polar dielectrics, underlying silicon dioxide in the present case,

are known to cool down the graphene sheet via high-energy

phonon relaxation through surface phonon modes.10 The effi-

cient cooling mechanism can transfer as high as 77% of heat

from graphene to SiO2, and remaining heat is transported to

metal contacts.22 The transfer of heat to SiO2 also depends on

thermal conductance of the substrate.23,24 Figure 4(a) shows

that transient reduction in current increases with the increase in

FIG. 2. TDR-based technique to perform nano-second time-scale measure-

ments. The system is set-up in 50 X matched, 4 GHz environment.

Termination of the transmission line at graphene FET acts as a point of

reflection, due to which the device experiences a sum of incident (i) and

reflected (r) waves. The 3 m long delay line inserts sufficient time-lag for the

oscilloscope to capture the two waves. The total voltage (V) experienced by

GFET is then given by VGFET¼ViþVr; while current (I) is given by

IGFET¼ Ii � Ir¼Vi/50 � Vr/50, where the negative sign is used to account

for the change in the direction of the current and 50 corresponds to input

impedance of the oscilloscope. The current-voltage plot corresponding to a

particular measurement set is extracted by averaging the respective transient

responses from 70% to 90% of the pulse width and henceforth referred to as

pulse current and pulse voltage, respectively. The pulse-to-pulse delay was

fixed to 200 ms, during which the device was left to cool-down to ambient

temperature. Before performing measurements on GFETs, the system was

calibrated against standard passive devices. In all measurements, rise time

was fixed to 600 ps, while the fall time of 1–2 ns was used.
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thermal resistance of SiO2. This indicates that at a given

applied field, heat-flow to the substrate scales with thermal con-

ductance of the underlying dielectric. Consequently, higher

reduction in current is observed in the case of graphene resting

on the dielectric with higher thermal resistance. Interestingly,

the transient reduction in current decreases with the increase in

thermal resistance of the graphene channel [Fig. 4(b)]. This

anomalous behavior can be attributed to reduction in popula-

tion of optical phonons with the decrease in the electric field

across the channel. The dependence of transient reduction on

thermal conductance corroborates the role of coupling between

electrical and thermal transport in deciding the transient reduc-

tion in current during the non-equilibrium state.

As discussed earlier, thermal diffusion time across SiO2 is of

the order of nano-seconds, while the same across graphene is of

the order of pico-seconds. The investigation of transient reduction

in current in Fig. 3(c) indicates a decay time of few nano-

seconds, which reveals the dominant role of thermal resistance of

the substrate over that of graphene in governing the transient

behavior of transport. From the preceding discussion, it is clear

that thermal diffusion time of the underlying substrate plays a key

role in deciding transport through GFET. However, it is still not

clear why coupling between electrical and thermal transport dur-

ing the non-equilibrium state results in transient reduction in cur-

rent. In order to elucidate the reason behind transient reduction,

we investigate the transient change in electrical parameters by

extracting the channel and contact resistance at different time

instants. TLM-based extraction shows the change in the channel

and contact resistance with time (Fig. 5), across different gate vol-

tages (Fig. 6). This observation indicates that heat generated in

the channel interacts with the metal-graphene interface.

Scattering due to high electric fields creates a near-adiabatic state,

during which thermal energy remains localized at the scattering

site and does not interact with the system. Thereafter, the device

makes a transition from the near-adiabatic state to the electro-

thermal non-equilibrium state, during which the scattering-

induced thermal energy propagates to regions with a lower popu-

lation of energetic phonons. The ensuing transfer of thermal

energy equilibrates the system and the device strives to achieve a

state of electro-thermal equilibrium. In the entire process, the

device makes a transition from near-adiabatic to a state of

electro-thermal equilibrium [Fig. 5(c)], and the dynamic change

in population of phonons results in a transient change in electro-

thermal transport. The change is captured through time-variation

in current, while its origin is investigated through the correspond-

ing change in channel resistance and contact resistance.

FIG. 3. (a) Pulse I-V of a GFET extracted by stressing the device by pulses of three different pulse-widths. Input characteristic shown in the inset indicates the

Dirac point at �80 V. The characteristics fit nicely into two linear regions and henceforth referred to as high-field (HF) and low-field (LF) regions. (b) Low-

bias (100 mV) DC resistance extracted after each pulse remains constant throughout the measurement cycle, which precludes the occurrence of any high-bias

induced degradation. (c) Transient waveforms show exponential reduction in current at higher pulse voltages. The exponential decay dies-out in few nano-

seconds. Note that the figures correspond to the same device and the same measurement cycle. Various device and electrical parameters are mentioned in (a).

FIG. 4. Variation in transient reduction in current I2:5ns�I10ns

I2:5ns
� 100

� �
with

thermal resistance of SiO2 (a) and thermal resistance of graphene (b). Here,

RSiO2
¼ qSiO2

Tox

W�L and RGr ¼ qGrL
W�t, where qSiO2

and qGr denote the thermal resis-

tivity of silicon dioxide and graphene, respectively, t¼ 0.3 nm is the thick-

ness of monolayer graphene, while W and L are the channel width and

channel length, respectively.
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In order to further substantiate the observed change

in contact and channel resistance, we give a phenomenological

description of electro-thermal transport. The high field transport

through CVD-graphene is predominantly diffusive. Transfer

efficiency across the metal-graphene interface is given byffiffiffiffiffiffiffiffiffiffi
k=km

p
, where k is the mean free path for the diffusive transport

through the graphene sheet and km is the coupling length along

which the charge transfer happens across the interface.9 A

fraction of optical phonons relax into acoustic phonons, which in

turn propagate to contacts and increase the anharmonicity of the

lattice. The consequent increase in anharmonicity of the lattice

decreases the interaction between p-orbitals of graphene and d-

orbitals of the metal,25,26 which eventually increases the cou-

pling length (km). In the high-field region, the mean free path is

fixed by optical phonons and hence k can be assumed to have a

weak dependence on temperature. Overall, the increase in km

and constant mean free path (k) results in a reduction in transfer

efficiency and an increase in contact resistance. A similar

temperature-dependence of the metal-graphene interface was

earlier reported as a consequence of extrinsic heating.9 Here, we

observe that intrinsic heating, caused by scattering-induced gen-

eration of phonons, can also modify the metal-graphene inter-

face. Apart from contact resistance, the channel resistance also

shows a reduction with time. The reduction, albeit meager, high-

lights the role of temperature in changing transport through the

channel. The slight reduction in channel resistance can be attrib-

uted to the increase in the intrinsic carrier concentration with

temperature,27 which in turn increases with time. The intrinsic

carrier concentration is given by ni ¼ Ef

�hvF

� �2

=p, where vF is the

FIG. 5. (a) TLM extraction of contact and channel resistance of GFET oper-

ating in low-field and high-field regions. Contact (Rc) and channel (Rch)

resistances are extracted through linear fit of total resistance to RT ¼ RchL
W

þ2Rc. (b) Both Rc and Rch show dependence on time and tend to saturation

with the increase in time. (c) Transient variation of average Rc shown with

different electro-thermal states (and their respective measurement techni-

ques) of a GFET.

FIG. 6. Time-variation (shown by bars) and gate voltage dependence of con-

tact (a) and channel resistance (b) of GFETs, extracted through the transfer

length method and recorded from 2 ns to 10 ns. The time-variation increases

as the gate voltage approaches the Dirac point. (b) Also shows a change in

the hole concentration near the Fermi level, which is attributed to the

scattering-assisted change in temperature.
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Fermi velocity and the Fermi level Ef can be approximated as

aT(Vsd).
28 The ni varies as a square of Fermi level and attains

minimum at the Dirac point. Ideally, conductivity at the Dirac

point should be zero but impurities and temperature result in

non-zero conductivity at the Dirac point.29 Therefore, the maxi-

mum variation in channel resistance is expected near the Dirac

point. A similar behavior is shown in Fig. 6(b), where time-

variation in channel resistance is shown for different gate vol-

tages, with the maximum variation recorded near the Dirac

point. Note that the observed reduction in channel resistance due

to the temperature assisted increase in the carrier concentration

is limited by scattering induced degradation in mobility.30

Therefore, the channel resistance does not show a strong depen-

dence on scattering-induced rise in temperature.

The above observation of contact heating should be

contrasted with the dynamics of hot-spot equilibration reported

earlier. Lateral spread of hot-spot in a GFET is decided by

thermal healing length, which in turn is quantified as LH

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jWh=g

p
, where j is the thermal conductivity, W is the

width of the device, h is the thickness of the graphene sheet

(¼3.35 Å), and g is the thermal conductance of the substrate

per unit length.21,31 The expression suggests that the lateral

spread of heat is restricted to 300 nm only. The channel lengths

discussed here are more than 1 lm; consequently, the contacts

should never heat-up. Contrary to this, the extracted values of

contact resistance show dependence on temperature. In order

to understand the possible reason behind the contact heating,

in spite of having channel lengths much larger than thermal

healing lengths, we re-visit the source of heat generation in a

GFET. As discussed earlier, lattice heating is initiated by emis-

sion of optical phonons by energetic electrons. The dominant

phonon modes in the device are 180 meV (graphene optical

phonons)31 and 60 meV (SiO2 surface polar phonons),32 which

indicates that optical phonons will be emitted at every 40 nm

and 12 nm of length (assuming 5 V across 1 lm channel).33

Consequently, the entire channel will be uniformly heated. The

temperature profile for such a uniform heating was earlier cap-

tured through IR imaging.34 Emission of these phonons in the

vicinity of contacts eventually results in heating of the metal-

graphene interface. Moreover, the concept of thermal healing

should be valid for a localized hot-spot only, where only pho-

nons of a local region are out-of-equilibrium, which equilibrate

with rest of the lattice and substrate, over a length decided by

thermal healing length. In the present case, a major fraction of

phonons throughout the lattice are out-of-equilibrium, which

in turn equilibrate through metal contacts and underlying sub-

strate over a time period given by RC of the SiO2 substrate.

In summary, we have investigated electro-thermal trans-

port during the non-equilibrium state of graphene FET. The

non-equilibrium state features scattering-induced rise in tem-

perature, which in turn increases metal-graphene contact resis-

tance and enhances electron conduction near the Dirac point.

The transient change was found to be a strong function of ther-

mal conductance of the polar dielectric supporting the graphene

channel. The results reveal the time-dependent conduction

across the metal-graphene interface and near Dirac-point, both

of which were earlier regarded as time-independent or static

processes. The observation of transient nature of conduction at

the nano-second time-scale highlights the importance of inves-

tigating transport during the electro-thermal non-equilibrium

state of 2D materials, wherein dimensional constraints can

cause strong coupling between electrical and thermal transport.
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