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ABSTRACT

Significant drop of thermal contact resistance between a graphene flake and metal electrodes was shown as a re-
sult of laser annealing. The improvement of thermal contacts of initially rough metal electrodes is attributed to local
melting of the metal surface caused by laser heating followed by increasing of real metal-graphene contact area.

Index Terms: graphene; thermal contact; laser annealing

I. INTRODUCTION

Potential applications of graphene for thermal
management in electronic devices are very promis-
ing as in-plane thermal conductivity of single layer
graphene is extremely high, up to 5x10° Wm"'K" [1].
A number of techniques was used to measure thermal
conductivity K of a single layer, a few-layer, multi-lay-
er graphene (SLG, FLG and MLG, respectively) [2-
8]. However, the precision of K measurements can be
affected by poor thermal contacts between graphene
and metal electrodes. Heat transfer through contacts
and interfaces between nanostructured materials is
an important issue in nanoelectronics, in studies of
nanocomposites and thermal interface materials, but
it is still poorly understood and the existing models of
electrical and thermal contacts are often inapplicable
at the nanoscale.

In conventional electronic devices, interfaces
between two thermally dissimilar materials like met-
als and semiconductors are assumed to be planar and
perfectly matched. In reality; the contact thermal resis-
tance between nanostructured materials is determined
by two factors: the overlap of phonon states for two
solids and the properties of the interface itself (rough-
ness, adhesion between materials). The heat transfer
between two solids in a perfect contact (strong bond)
can be calculated using diffusive mismatch model or
acoustic mismatch model (DMM or AMM, respective-
ly) [9,10]. The efforts to improve the thermal interface
models continue [11-13], however, the existing mod-
els are based on various simplifying assumptions and
often fail to describe real nanoscale systems composed
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by materials with large differences in mechanical and
thermal properties. In particular, graphene materials
are characterized by extremely high anisotropy (in-
plane / cross-plane) and large vibrational mismatch
with most solid materials used in nanoelectronics
(metals, oxides), so theoretical predictions of thermal
transport between these materials are difficult.

High-quality thermal contacts between graphene
and metals usually are obtained using convention-
al high-temperature annealing in vacuum. However,
as shown in our previous study [14], this can induce
strain in multi-layer graphene due to formation of
tight mechanical contacts between graphene and met-
al electrodes followed by the electrodes shrinkage,
and thus stretching the graphene flake. Therefore, it is
desirable to perform annealing by heating locally the
graphene flake and the area of contacts, without sub-
stantial heating of the electrode bodies. In this paper
we continue our study of improving thermal contact
resistance between graphene and metal contacts and
tocus on results of local contact annealing that was
achieved by using laser. The dramatic effect of local-
ized laser thermal annealing for improving of thermal
contacts between graphene and metals or silicon oxide
was shown. Heating caused by the laser leads to, even-
tually, mild “welding” of the graphene to the initially
rough metal surface. In the present work we showed
also that conventional micro-Raman technique can
be applied for determination of temperature at which
the electrode local melting occures. Also we calculat-
ed thermal conductivity in direction along suspended
multi-layer graphene flakes using Raman measure-
ment results as proposed previously in [1].
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Il. EXPERIMENTAL

Multi-layer graphene flakes were prepared by
mild ultrasound processing (sonication) of natural
graphene flakes (Nacional de Grafite Ltda, Brazil) in
N,N-dimethylformamide (DMF) solutions. Most of
graphene flakes had lateral dimensions in the range
from 1 to 10 um, and the thickness from 10 to 100
nm, as revealed by SEM (scanning electron micro-
scope) observations. Further, the MLG flakes were
deposited over metal (Au, Ti or W) electrodes with
1 um separation using ac di-electrophoresis [14].
Electrodes with thickness of 100 nm and surface
roughness of 1-2 nm were deposited over thermal-
ly oxidized Si (oxide thickness of about 300 nm) by
plasma sputtering using conventional photolithogra-
phy and lift-off processes. The micron size trench-
es (1 um wide and 5 um deep) between electrodes
were previously cut by focused ion beam (Nova 200
Nanolab, FEI Co). A 473 nm laser focused on the
sample with 100x objective (~400 nm diameter la-
ser spot, max laser power at the sample of 10 mW)
was used for confocal Raman spectroscopy (Ntegra
Spectra, NT MDT). In Raman spectra, narrow
graphene G-lines (peak near 1580 cm™ and FWHM
~15 cm™) and low-intensity D-lines (peak near 1360
cm) were detected, indicating high quality of MLG
flakes obtained by liquid phase exfoliation from nat-
ural graphite. The optothermal micro-Raman meth-
od [1] is based on measurements of the frequency
downshift AG of a graphene G-line with increasing
temperature (in some cases, 2D line is used). Note
that the same laser was used for local heating of sus-
pended graphene samples (duration of annealing var-
ied between 1 and 10 sec in different experiments)
and, simultaneously, for local graphene temperature
measurements in situ (). From the measured AG val-
ue, the local graphene temperature rise AT above
room temperature can be estimated, using the con-
version coefticient that was measured to be -0.011
cm'K! for multi-layer graphene [15].

lll. RESULTS AND DISCUSSION

Examples of MLG deposited over various metal
(W, Ti, Au) electrodes forming side contacts with the
metal are shown in Fig. 1.

The G-line position was found first to shift lin-
carly with laser power (see Fig. 2) indicating gradual
heating of the sample proportional to the absorbed
power, as expected. However, with increasing power
the shift was found to saturate or even reduce.

We recalculated G-line shift into the tempera-
ture using procedure described in [1] for flakes depos-
ited over Au and W electrodes (see Fig. 3):

AT (K) = Ao (cm™?) / g (em'K?)

Using conversion coefticient g = -0.011 cm-
'K, very high local graphene temperatures (from
900K) can be estimated from the maximum G-line
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Figure 2. Shift of G-peak position caused by laser heating
with different laser power for graphene flake deposited over W
electrodes. Position of a maximum of G-peak corresponds to a
temperature of the flake (shown on the top axis).

Figure 1. SEM images of multi-layer graphene flakes deposited over a) - W, b) - Ti and c) - Au electrodes. White bars correspond to 5 ym.
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Figure 3. Laser heating of graphene on Au (a) and W (b) contacts. Dashed line (average slope) shows thermal resistance between contact

surfaces.

downshifts. For different cases the maximum tempera-
ture was found to vary between 930K and 2300K for
laser power up to 10 mW, depending on the flake di-
mensions and quality of contact with electrodes. The
smallest downshifts were obtained for Au electrodes
with the largest contact area. In the case shown in
Fig. 3.a (on Au clectrodes), the saturation occurs at
approximately 1000K. The effect of saturation can
be attributed to improvement of the thermal contact
between the MLG and metal electrode that can occur
during sample heating, resulting in increased heat loss-
es to the electrodes and, finally, in the reduced sample
temperature. This 1s confirmed by results obtained in
the second run performed immediately after the first
one (Fig. 3, red circles), when much lower graphene
temperatures (G-line downshifts) are detected for the
same laser powers, with the curve slope of 168 K/mW,
as compared with 350 K/mW for the first run, in the
case of Au electrode (Fig. 3,a).

Heat losses from the graphene surface due to
thermal contact with air (~10° Wm2K") [16] and by
radiation are estimated to be much smaller than the
absorbed laser power (~0.1 mW and 10 mW, respec-
tively). Thus under the present conditions the main
mechanism of heat losses is due to heat transfer through
the graphene-metal contacts, and the reduced sample
heating during the second run clearly indicates the
improved thermal conductivity of the graphene-metal
contact (thermal boundary conductance) after anneal-
ing occurred during the first run. The thermal contact
improvement is likely due to partial melting of the met-
al surface in contact with graphene, reducing of the ini-
tially high metal surface roughness under the graphene
and corresponding increase of the contact area and ad-
hesion between surfaces (). This is possible because of
distinctly different mechanical properties of two con-
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tacting materials: (i) multi-layer graphene with a per-
tectly flat surface, characterized by high in-plane elastic
stiffness and high cross-plane hardness, and (i) rough
metal surface that is subject to plastic deformation at
nanoscale length under pressure (due to adhesion) and
heat flow. Note that lower temperatures obtained for
Au electrodes () can be due to higher self-diffusion of
this metal under heating, compared with other metals
tested here (W,T1).

The thermal boundary conductance (TBC) of
the interface between different metals was estimated
from the experimental data obtained with local laser
heating of MLG to be ~30-50 MWm?K" for metals
like Au, Ti and W. The maximum TBC values were
found after laser annealing at elevated laser power.

The maximum values of thermal conductivity
obtained for narrow multi-layer graphene samples af-
ter annealing were found to be close to 600 Wm'K
(consistent with data in literature for flakes with re-
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Figure 4. Schematics of the temperature distribution along the
graphene before (black) and after the laser annealing of contacts
with electrode.
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duced lateral dimensions) compared with much low-
er values <150 Wm'K" obtained without annealing
[17]. This finding shows the importance of establish-
ing good thermal contacts between graphene and met-
als for thermal characterization of carbon nanostruc-
tured materials such as graphene and nanotubes.

IV. CONCLUSIONS

We registered a more than-two-times drop
of thermal contacts resistance between multi-layer
graphene and metal contacts caused by laser annealing.
Based on the presented above experimental results, the
tollowing conclusions can be made: high-temperature
(T ~ 1000 °C) local annealing is necessary to achieve
reasonable quality of contacts with metal surfaces that
are usually relatively rough (although the degree of
roughness may depend on the metal deposition meth-
od). Significant improvement of contacts between
multi-layer graphene and various metal electrodes by
local laser annealing has been successfully demonstrat-
ed in the present work. In contrast to a conventional
thermal annealing, the great advantage of the local la-
ser annealing is that substrate heating in the case is not
necessary. The improvement of contacts can be also
attributed to removal of air pockets, solvent traces and
other possible impurities. Experiments are currently
in progress to perform laser annealing under vacuum
conditions, where considerably higher local tempera-
tures and better contacts could be achieved without
any possible damaging of the graphene.
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