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We report on current-induced thermal power investigation of graphene nanostructure for potential local-heating ap-
plications. It is found that the efficiency of heating can be greatly improved if graphene is patterned into structures with
narrow width and long channel. In a narrow graphene-ribbon, the Joule heating power exhibits an obvious dependence
on the back-gate voltage. By monitoring Raman spectra, the temperature of graphene-ribbon can be determined. The
temperature of graphene-ribbon is modulated by the electric field effect when the sample is sourced with a relatively high

current.
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1. Introduction

The discovery of graphene!!l has inspired intense re-
search activities in the novel two-dimensional (2D) carbon
based electronic system. Electronic transport in graphene is
greatly different from that in the conventional 2D electronic
systems owing to the linear energy dispersion relationship
at the Dirac point in its electronic band structure.”3! When
graphene is patterned into narrow ribbons, electronic quan-
tum confinement may make the narrow ribbons into semicon-
ductors species. Normally, only when the width of the nano-
ribbon is scaled down to at least 5 nm, the opening of an energy
gap bigger than 0.3 eV is expected.[*! Lithographic patterning
of graphene sheets can obtain graphene ribbons with widths
down to ~ 20 nm so far>! and edge roughness of ~ 5 nm,
and the width is very difficult to narrow further via existing
cutting-edge top-down approaches. As such, the application of
graphene as semiconductor may need much more efforts and
more time than what people expected. Recently, it is found
that graphene!”! and graphene nano-ribbon!®! exhibit a re-
markable current carrying capacity on the order of 108 A/cm?.
This superior current-carrying capacity is regarded as the key
characteristics for possible application in on-chip electrical in-
terconnects. Actually, both graphene and its ribbon have a rel-
atively high resistivity, which is electro-statically controllable.
As such, the high current-carrier-capacity could give graphene
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and its ribbon more opportunities in the thermal application.
Graphene heaters in large-scale can be used in automobile

windows, mirrors, memory devices, and displays.*~!!l More

recently, the heaters based on graphene materials were fabri-

cated on flexible!!2!3

I and insulating substrates.!'*! In addi-
tion, investigation about phonon scattering or black body ra-
diation was carried out in graphene.!>~171 As such, further in-
vestigations on the graphene based nano-heater will definitely
offer an innovative and wide-ranging platform for creative ba-
sic and applied research in thermal nanotechnology. In this
work, it is experimentally shown that graphene nanostructures

can be an electrostatically controllable local heater.

2. Methods

The graphene films are synthesized on Cu foil by chem-
ical vapor deposition (CVD).!!8] Figure 1(a) shows an atomic
force microscope (AFM) image of an edge of graphene trans-
ferred onto the silicon substrate with 300 nm of thermal SiO,.
The line-scan of profile shows that the graphene film has a
height of about 0.532 nm, which is consistent with the thick-
ness of a monolayer.!'! Raman spectrum is taken by a 633 nm
He—Ne laser with the power less than 1 mW to evaluate the
quality of the CVD graphene, and the spot size of the laser
is about 1 pm. As shown in Fig. 1(b), the Raman spectrum
includes two strong peaks, namely, G and 2D, located at the
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and 2688.7 cm ™!
And an ignorable peak near 1345.3 cm™! (known as D peak)

wavenumbers of 1587.7 cm™! , respectively.
proves that the quality of the graphene is not obviously de-
graded after transfer. The process flow of device fabrica-
tion is outlined in Fig. 1(c). Once the CVD graphene film
has been transferred, the next step is to electrically contact

graphene with metal electrodes using standard e-beam lithog-
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Fig. 1. (color online) (a) Atomic force image showing an edge of CVD graphene sheet transferred on SiO,/Si substrate. (b) Raman
spectrum of the monolayer CVD graphene. (c) Schematic diagram gives the process steps to make graphene based devices.

3. Results and discussion

Graphene could carry very high electrical currents with-
out sustaining damage.?”) So applying a source-drain of a few
volts across the samples is a very effective way to examine the
quality of CVD graphene. Figure 2(a) shows the schematic of
the two-terminal graphene field effect transistor (GFET), and
all the graphene channels have a width of 5 um and a length
of 10 um. To avoid the oxidization and preserve the integrity
of the device in the high bias regime, measurements of /-V
characteristics are carried out in vacuum (10~> mbar). During
the measurement, the back-gate voltage is kept at zero. The /-
V curves of six graphene samples are recorded to investigate
electrical breakdown, and then plotted in Fig. 2(b). It is found
that the /-V curve is increasing linearly at low bias from O to
0.5V, as shown in Fig. 2(c) and then exhibits a trend to saturate
at higher bias, which is caused by the self-heating effects. ']
It is found that all the devices break down at about 5-6 mA.
We plot the breakdown current density in Fig. 2(d). It is found
that the breakdown current density J is between 3.0 A/cm?

and 3.5 x 108 A/cm? for all samples. The value is quite near
to the breakdown current density of the exfoliated graphene. It
indicates that the CVD graphene here has a very high current-
carrying capacity similar to the exfoliated graphene. The SEM
images of the devices after breakdown are shown in Fig. S1 of
supplementary information. The results indicate that break-
down mainly happens in the graphene channel.

To understand the influence of the device configuration on
the dissipated electrical power, we compare the scaled current
density J =I/(Wd) in two devices, a wide device with wide
W =1 um and a ribbon device with W = 100 nm. Here, I rep-
resents the current sourced, and d represents the thickness of
the graphene, which is chosen to be 0.34 nm. The wide one has
a channel length of 3 um, as shown in the inset of Fig. 3(a),
and the ribbon heater has a zigzag channel with a length of
10 um, as shown in the inset of Fig. 3(b). The nano-ribbon
device can be obtained by patterning the wide one. Figure 3
shows the gate dependence of Joule heating characteristics for
the two graphene-heater devices. We employ a four-point con-
figuration to avoid the contribution of the contact resistance at
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the graphene-electrode interfaces.[?>?*! As shown in Fig. 3,
Joule heating power has an obvious dependence on the back-
gate voltage in both devices. Although the Joule heating power
geometrically increases with the rising of the current density,
the modulability of the gate bias decreases in both devices.
In addition, an increase of device length L and a decrease of
device width W bring an increased resistance and therefore a
decreased current. As shown in Fig. 3(a), the maximum power
of the wide device locates near 20 V while that of the ribbon
is near 0 V (see Fig. 3(b)). The devices are a little bit p-type
doped from the substrates and absorbates./?*! For the ribbon
devices, the geometry is not well approximated by a paral-
lel plate capacitor any more. The local electrical field around
the nano-ribbon is very strong. The gate has more efficient
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modulation on the nano-ribbon. From these data, we find that
the ~ 100 nm wide graphene nano-ribbon shows higher power
than a wide device when operated at a similar current den-
sity. The reason is that the introduction of edges increases
the charge-carriers’ scattering in graphene, and therefore in-
creases the sheet resistance (see Fig. S2 in supplementary in-
formation). If we wish to increase the efficiency of Joule heat-
ing further, we can increase the device length or narrow-down
the graphene ribbon, with the trade-off of an increased sheet
resistance and therefore an increased heating power. Beside,
treatment by plasma or ion beam!?! is another efficient way to
increase the sheet resistance. At the same time, the zigzag pat-
tern can also bring graphene more tolerance for its mechanical
deformation.
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Fig. 2. (color online) (a) Schematic of two-terminal graphene field effect transistor (GFET). (b) I-V curves of six graphene samples
taken through electrical breakdown. All graphene channels have a width of 5 um and a length of 10 um. (c) /-V measurement from 0
to 0.5 V. (d) The breakdown current density J of the six samples.

Subsequently, a Raman spectroscopy-based technique
is used to determine the temperature of the graphene sam-
ples. Graphene normally exhibits clear signatures in Ra-
man spectral?®?7! and its Raman peaks also manifest a strong
temperature dependence.>3-3%! The high temperature sensitiv-
ity of the peaks allows one to monitor the local temperature
change produced by Joule heating on the graphene sample. In
advance, we calibrate the temperature dependence of the Ra-
man 2D peak for the graphene ribbon shown in Fig. 3(b). The
Raman measurements are also performed in a back-scattering
configuration with the 633-nm line laser as exciting radia-
tion. We also examine the temperature dependence of the G

and D bands of the graphene sample (see Fig. S3 in supple-

mentary information). Among the D, G, and 2D peaks of
graphitic materials, the 2D peak usually has the most obvi-
ous shift.3% As such, we adopt the 2D peak for the investiga-
tion. The graphene temperature can be controlled using a hot
plate. When the temperature of the examined sample varies
in the range from 300 K to 550 K with 50 K intervals, its Ra-
man spectra are recorded as shown in Fig. 4(a). Figure 4(a)
presents the 2D peak shapes and positions for the ribbon at
different temperatures. All the data are recorded only after
5 min when the 2D peak shifts no more, which indicates that
the device has reached its thermal equilibrium. The 2D peak
shifts toward the lower frequency with the increase of the tem-

perature. The 2D peak positions are extracted and plotted in
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Fig. 4(b). As shown in Fig. 4(b), the relationship of the 2D-
peak position and temperature can be described by a linear
formula @wyp ~ 2709.5 —0.0627. Similar to the G band, !
the influence of the temperature on 2D phonon modes includes
two components, the intrinsic temperature contribution due to
the anharmonicities of the phonon modes and the volume con-
tribution caused by the thermal expansion of the crystal. The
former dominates the 2D phonon mode in normal condition.
The extracted temperature coefficient is about 0.062+0.005.
The full Raman spectra of Fig. 4(a) are shown in Fig. S3
of supplementary information. The observed linear trend of
the 2D-peak is consistent with that for other carbon-based
materials. 334 Table S1 summarizes the temperature coef-
ficient of 2D peak for carbon-based materials.

In the next-step experiment, the ribbon sample is sourced

2. Simulta-

with a current with a density of 4.5 x 107 A/cm
neously, the Raman spectra of 2D band are recorded for the
graphene heater when the Joule heating power is modulated
by the electric field effect. As shown in Fig. 4(c), the 2D peak
position is remarkably modulated by the gate voltage (see de-
tails in Fig. S4). The 2D peak position locates at 2690 cm ™!,
2683 cm~ !, 2669 cm~!, 2679 cm™!, and 2692 cm™!, respec-

tively, when the back gate is setto =20V, =10 V, 0 V, 10 V,
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and 20 V. The temperature of the graphene heater is estimated
from the above relationship of power dissipation vs. temper-
ature. The corresponding temperature is about 305 K, 418 K,
640 K, 478 K, and 315 K, respectively. It should be noted that
although the 2D band of graphene could be influenced by the
electric field effect (EFE), the EFE leads to a minor shift of
the 2D peak position (less than 5 cm™!) when the gate voltage
(Vg) sweeps from neutral point to high gate bias (80 V).[3!
Furthermore, the shift caused by EFE is in opposite direction.
Here, it is believed that the SiO, substrate below the graphene
channel is responsible for most of the heat dissipation, and the
other is carried to the graphene that extends beyond the device
and metallic contacts. The efficient thermal coupling between
graphene and silicon oxide also exists via hot-electron remote-
scattering of polar surface phonons.!!>! In this experiment, the
2D peak of graphene shifts by about 20 cm™!. At room tem-
perature, we do not find the Raman peak shift caused by gating
(see Fig. S5 in supplementary information). As such, the dom-
inant contribution of the 2D-peak shift comes from the change
of temperature. As the experiments are carried out in ambient
temperature, only the device temperature above room temper-
ature can be recorded.

A

graphene
ribbon

A

Fig. 3. (color online) The gate dependence of Joule heating power under different current densities in the graphene heater (a) with
a channel width of 1 um or (b) with a zigzag channel (the channel has a width of 100 nm and a length of 10 pm). The inset shows
schematics of the corresponding devices. Panels (c) and (d) show the SEM images of the real devices. The scale bar is 1 um.
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Fig. 4. (color online) (a) 2D peak region of the Raman spectra of the graphene
heater shown in Fig. 3(b) at different temperatures. The excited laser is
633 nm. (b) Shift in 2D peak position extracted from panel (a). A linear
formula wyp ~ 2709.5 —0.062T is used to describe the relationship of the 2D
peak position and temperature. The dashed line is a guide to the eyes. (c)
The relationship of the 2D peak position and gate voltage when the heater is
sourced with a current with a density of 4.5 x 107 A/cm?. The temperatures
of the graphene heater estimated from the above formula are also plotted. The
solid lines are a guide to the eyes.

4. Conclusion

We report heating effects of CVD graphene devices op-
erated at relatively high current density. Both Raman spec-
trum and test in breakdown current density indicate that CVD
graphene has a very high current-carrying capacity similar to
exfoliated graphene. We show that Joule heating geometri-
cally increases with the increase of the current density while
the modulability of the gate bias on Joule heating power de-
creases. It is found that the efficiency of heating is high in
graphene nano-structures with a narrow and long channel. By
measuring the Raman spectra, we find that the temperature of
graphene varies with the back-gate voltage when a fixed cur-

rent is sourced.
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