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1. Introduction

Graphene is a two-dimensional (2D) material, formed by a 
lattice of hexagonally arranged carbon atoms. Although the 
term graphene defines a single layer of graphite, it is also 
often applied to describe few layer samples [1]. This paper 
deals with these kinds of samples. The 2D structure of gra-
phene, its high surface-to-mass ratio providing unique prop-
erties and promising applications, the potential to produce it 
using a super abundant chemical element, and the possibility 
of its functionalization, make it a particular laboratory for 
basic research in low dimensional systems. In the particular 
case of heat transport investigations, the knowledge of thermal 
properties of graphene is very important not only from the 
point of view of fundamental research, but also for applica-
tions related to its use for thermal management in electronic 
circuits and devices. Although there is a consensus about the 

high value of the thermal conductivity, k, of this material [2], 
reports on experimental determination of this property, and 
in general of other thermal properties of graphene, such as 
thermal diffusivity, D, are scarce. This is due to several rea-
sons: first, because none of the conventional thermal proper-
ties measurement techniques work well for characterizing 
materials composed of very few atomic layers. On the other 
hand, methods involving electrical heating have handicaps 
related to the determination of the exact amount of energy that 
is transformed into heat by the Joule’s effect, and sometimes 
evaluation of heat losses such as leakage through substrates 
and convection-radiation to the adjacent air result in a very 
difficult task. Therefore, the use of methods that remove the 
influence of the boundaries, and non-contact techniques, have 
become mandatory. While optical methods, such as confocal 
micro-Raman spectroscopy in suspended samples, have dem-
onstrated their usefulness for thermal conductivity measure-
ments [3], to the authors knowledge there is only one report on 
measurement of thermal diffusivity [4], in which a transient 
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Abstract
We report on the measurement of the thermal diffusivity, D, of few-layers graphene 
obtained by chemical vapor deposition, using a noncontact optical microscopy method 
based on a mode mismatched thermal lens technique in a pump-probe two-laser beams 
configuration. It takes advantage of the coaxial counter propagating tightly focused 
excitation and collimated probe beams in an improved thermal lens microscopy setup. The 
obtained results: D  =  (6.5  ±  0.09)  ×  10−4 m2 s−1, D  =  (1.9  ±  0.07)  ×  10−4 m2 s−1 and 
D  =  (1.3  ±  0.05)  ×  10−4 m2 s−1 for four (on a glass slide), eight and sixteen graphene 
(freestanding) layers are reasonable values, as can be concluded from reported literature data.
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electro-thermal technique was used for measurement of this 
parameter in freestanding two-layer graphene flakes that inter-
connect pores in a foam like 3D graphene network structure. 
The thermal diffusivity was determined as ~1.16–2.22  ×  10−4 
m2 s−1, using the specific heat capacity of graphite, an extrap-
olation procedure to neglect the sample´s effective emissivity 
and without taking into account the volume fraction of the 
solid phase in the foam. The knowledge of this parameter is 
important because in the non-stationary heat diffusion equa-
tion  the thermal conductivity and the specific (volume) heat 
capacity, C  =  ρc (ρ is the density and c the specific heat), 
come into play through the thermal diffusivity definition, 
D  =  k/C, which becomes the relevant parameter.

In this paper, the usefulness of an all-optical method for 
thermal diffusivity measurements is demonstrated. The case 
study consisted of a few layers (eight and sixteen) of graphene 
flakes synthesized by chemical vapor deposition (CVD) and 
transferred to a support with 0.8 mm diameter holes in order 
to obtain freestanding samples and four layer graphene trans-
ferred to a glass support. The thermal diffusivity measure-
ment method is inspired in the mode-mismatched dual-beam 
thermal lens technique widely used before for spectroscopy 
[5] and thermal characterization [6]. In order to use this tech-
nique to characterize a sample with thickness equivalent to 
several atomic layers, a micro space configuration is needed, 
similar to that proposed for microsystems characterization [7]. 
The thermal lens microscopy (TLM) setup used here allows 
both, a very small thermal lens signal excitation region and 
measurements in very short times scales, to avoid unfavorable 
heat dissipation competing effects [8].

2. Theory

The thermal lens (TL) effect measures the amount of heat gen-
erated in a sample following light absorption, usually from 
a laser beam called the pump beam, and subsequent electro-
magnetic to heat energy conversion. The heating generates 
a spatial refractive index gradient of thermal origin, which 
ultimately produces a kind of temporary lens, called TL. The 
TL signal is proportional to the optical absorption and it also 
depends on the thermal diffusivity of the examined sample. It 
is often measured as the relative change in the axial intensity 
of another laser beam called the probe beam.

It has been reported elsewhere [9] that the TL signal in the 
mode-mismatched configuration is given by
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Φ0 is the amplitude of the induced TL, ν is the geometrical 
factor of the beams, Pe is the total excitation light power, L is 
the distance from the sample to the detector, α is the sample’s 
optical absorption coefficient, l is the sample’s thickness, z 
is the sample’s position with respect to the waist of the exci-
tation beam, t is the time, λp is the probe beam wavelength, 

m z w z w z/p
2

e
2( ) ( ) ( )=  is the mode matching factor, ds/dT is the 

temperature coefficient of the optical path length change of the 
sample at the probe beam wavelength [10] and ωe, p (z) describes 
the excitation (e) and probe (p) beam radius given by:
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where ze, p represents the Rayleigh parameters of the beams 
and ω0e, 0p are the beam radii at their waists.

The mode mismatched condition used here establishes that 
zp � L � ze. This allows an increased sensitivity when com-
pared with previous approaches [11], as demonstrated else-
where [9].

The parameter tc(z) represents the characteristic thermal 
lens time constant expressed as,

ω
=t

D4
c

0e
2

 (5)

Then the measurement methodology can be resumed as fol-
lows: the amplitude of the thermal lens signal is measured as 
a function of time. Then, the corresponding amplitude versus 
time curve is fitted using equation (1) with Φ0 and tc as adjust-
able parameters. From the value of tc the thermal diffusivity 
can be calculated using equation (5), if the beam waist, ω0e, 
is well known.

3. Experimental

3.1. Samples preparation

Graphene multilayers were synthesized by the CVD method 
on polished copper foil using methane as the source of carbon 
at ambient pressure [12]. After dissolution of the copper foil 
in a ferric nitrate solution, the carbonaceous film is trapped 
using a glass slide and transferred to a Petri dish containing 
deionized water. This procedure was carefully repeated sev-
eral times to wash the material. At the final stage, a small 
plate of Celoron with many drilled 0.8 mm diameter holes 
was used to fish the film. This is a critical step because only a 
few holes are completely covered with the carbonaceous film, 
and in the majority of the cases the film tears. Due to this fact, 
we decided to use thicker films by using the deposit in both 
sides of the copper foil. At one side of the copper foil the 
carbonaceous film consists mainly of four layers of graphene. 
Therefore, the freestanding films used in the experiments 
reported here consist of eight, and sixteen layers of gra-
phene. Independent experiments on similar films deposited 
on glass slides confirm these layer’s numbers: for example, 
transmittance measured at 632.8 nm using an He–Ne laser 
gives a value of 82.4%, which gives near eight layers using 
an extension of the well-accepted rule [13] of taking 2.3% 
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of absorption per layer. In order to characterize thinner sam-
ples, four layers of graphene grown by the same method were 
deposited on a glass slide.

Figure 1 shows a typical Raman spectrum of the eight-
graphene layers floated sample, where the typical D, G, and 
2D bands associated to graphene and few layers graphene 
are observed. The existence of the D band indicates that the 
samples have a certain degree of disorder. The ratio of the G 
to the D bands intensities were used to estimate the size of 
the graphitic crystals in the film. Using the expression given 
by Cancado et al [14] a value around 150 nm was found. The 
use of this kind of configuration for the freestanding samples, 
instead of other reported setups such as suspended graphene 
on narrow trenches made in Si wafers [15], allows the probe 
beam transmission through the sample to the optical detector, 
which is characteristic for the particular experimental config-
uration that will be discussed below.

3.2. Experimental setup

The schematic of the TLM setup is shown in figure 2 [8]. The 
excitation (blue in color picture) and probe (red) beams are 
counter propagating coaxially through the sample and the 
microscope objective lens. The Gaussian (TEM00) 405 nm 
wave-length pump beam from a diode laser (LASEVER 
LSR405ML-200) is electronically periodically modulated in 
intensity. After being reflected by a dichroic mirror, the pump 
beam is focused using an inverted microscope objective (10X, 
Edmund Optics) onto a very small area of the sample. The 
sample (in figure 2 is shown only the case of the graphene on 
a Celoron substrate) is mounted onto a XYZ-translation stage 
(Thor Labs) that allows optimal positioning and focusing. 
The measured spot radius (with a beam profiler Thorlabs 
BP209VIS) was ω0  =  5 μm. The pump beam power reaching 
the sample was 20 mW. The few layers of graphene absorb a 
small fraction of the excitation light, thus generating a tran-
sient TL signal.

The probe beam comes from a 632.8 nm wave-length con-
tinuous He–Ne laser (JDS UNIPHASE). It is collimated (near 
3 mm width) and its power is reduced to only 1 mW before 
passing through the sample across the region where the TL is 
created, thus avoiding undesirable heating. After that, it propa-
gates through the inverted objective, which in this way is also 
used as a condenser to form an image of the TL effect at the 
pinhole plane located before a detector photodiode (Thorlabs 
PDA36A, Si Switchable Gain Detector PD), which detects 
resulting intensity changes. Polarizers in front of both lasers 
eliminate rays coming back to the lasers cavity to remove feed-
back and self-mixing effects. An interference filter in front of 
the detector allows only the probe beam to reach it. The TL 
signal registered by the photodiode is recovered using a lock-in 
amplifier (SR830 DSP from Stanford Research Systems) and 
its temporal evolution is recorded with a digital oscilloscope 
(BK Precision 2524) interfaced with a personal computer.

4. Results and discussion

It is well-known that graphene has a very high in-plane 
thermal conductivity due to covalent sp2 bonding between 
carbon atoms, whereas out-of-plane heat flow is limited by 
weak van der Waals coupling [2]. Because of this, and since 
the thermal conductivity of the surrounding air or glass is very 
small, the axial heat flux (perpendicular to the sample’s sur-
face) can be neglected. This idea is reinforced by the fact that 
the Rayleigh distance of the excitation beam is much larger 
than the sample´s thickness, so that the beam waist becomes 
the same across the sample in the axial direction and the TL 
model becomes 2D [11]. As the sample area is large compared 

Figure 1. The Raman spectrum of the investigated samples 
showing the D, G, and 2D bands associated to graphene and few 
layers graphene.

Figure 2. The basics of the home made experimental setup for 
thermal diffusivity measurements. The inset shows an optical 
photograph of freestanding few layers graphene (FLG) flakes 
supported on the 0.8 mm diameter holes of a Celoron plate. 
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with the excitation beam radius onto the sample, edge effects 
are avoided and the boundary conditions behind the used theo-
retical model are fulfilled [9, 11, 16].

Figure 3 shows typical TL signals as a function of time for 
four graphene layers on glass (a), eight (b) and sixteen (c) free-
standing graphene layers. The solid curves in the figures  are 
the results of the best least squares fits of the experimental data 
(circles) using equation  (1), leaving Φ0 and tc as adjustable 
parameters and well-known experimental values for the other 
involved variables. From the value of tc (equation (5)) and the 
beam waist, ω0e  =  5 μm, thermal diffusivities were calculated 
as D  =  (6.5  ±  0.09)  ×  10−4 m2 s−1, D  =  (1.9  ±  0.07)  ×  10−4 
m2 s−1 and D  =  (1.3  ±  0.05)  ×  10−4 m2 s−1 for four, eight and 
sixteen graphene layers respectively. These are mean values 
calculated from five independent measurements in each sample.

Since the availability of graphene, an increased number of 
publications [3, 15] about its thermal conductivity have appeared. 
However, there are often contradictory results in both experi-
mental and theoretical work that make difficult data interpreta-
tion. But, although single layer graphene exhibits a very high 
thermal conductivity, this parameter can be significantly reduced 
in the presence of additional layers, approaching eventually the 
value of bulk graphite [15, 17–21]. There is evidence that the 
grain size effects, presence of edges and substrates [3] and even 
the length of the samples [22] can also affect the thermal conduc-
tivity value of graphene. The situation is very similar in the case 
of specific heat, where only theoretical data exist, suggesting 
that above ~100 K the values for graphite and graphene should 
be identical, taking a value of c  =  0.7 J g−1 K−1. Using the den-
sity of graphite as ρ  =  2.25 g cm−3 , C  =  ρc  =  1.58 J cm−3 K is 
obtained for the specific (volume) heat capacity. Using this value 
and our measured thermal diffusivities, the thermal conductivity 
takes values k  =  D C between ~200 (for sixteen graphene layers) 
and ~1027 W mK−1 (four). Note that the value obtained for the 
thicker sample is similar to that reported for pure pith-bonded 
polycrystalline graphite, where thermal conduction is limited by 
grain size [23]. As discussed by Balandin [15], the same factor 
affects thermal conduction in CVD grown graphene, which is 
also polycrystalline. In the mentioned review [15] it is shown 
that thermal conductivity diminishes with the number of atomic 
graphene planes (or layers number, n), approaching the graphite 
value or even going below it for n ~ 8. The here obtained results 
show a similar trend. Although these values can be affected by 
defects (see D peaks in figure 1), they are very similar as those 
reported for more than four graphene layers [15], so that it can 
be said that the measured thermal diffusivities agree well with 
the expected values. Moreover, they coincide well with the few 
values available in the literature for other suspended graphene 
configurations [3].

Note from figure 3 that the TL signal increases with the 
number of graphene layers. This is an expected result because 
the TL signal is proportional to the sample´s optical absorp-
tion. This result can be further explored as an alternative 
method for determining the number of few graphene layers 
(care must be taken with the fact that the absorption of the 
probe laser beam by more than a few graphene layers could 
reduce the magnitude of the thermal lens signal and/or affect 
it by undesirable heating effects).

5. Conclusions

In this paper, it has been demonstrated that thermal lens micros-
copy, in a mode-mismatched, coaxially counter propagating 
dual beam micro-space configuration can accurately measure 
the thermal diffusivity of graphene. Measurements in a few 

Figure 3. Typical time evolution of the TL signal for four (a), eight 
(b) and sixteen (c) graphene layers. Solid curves are the results of 
the best least squares fits to equation (1).
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layers graphene samples have led to values of this parameter 
compatible with those expected from reported data of thermal 
properties of this material, showing the usefulness of the method.  
It is an all-optical method, which does not make use of any 
electrical contact, thus avoiding problems related to heat losses 
through physical boundaries as well as limitations of conven-
tional methods for thermal characterization. The high sensi-
tivity to characterize samples with very low optical absorption 
makes this method very attractive not only for thermal charac-
terization of graphene, but also for characterizing the number 
of layers in a given sample. The method can also be applicable 
to the characterization of other 2D low dimensional materials.
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