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ABSTRACT

In earlier experiments [1] we found there was significant transmission of THz radiation through carbon-fiber enforced
composites, despite that fact that the dc conductivity of the carbon fibers is expected to be good and hence should
prevent penetration of electro-magnetic radiation. To study the relationship between absorption of THz radiation and
electrical conductivity we performed measurements on samples with different concentrations of graphene in an epoxy
matrix. We observed an increased absorption of THz radiation with increased graphene concentration. Our conductivity
measurements (simple transverse DC measurements using tin foil as electrodes that cover the two sample surfaces)
showed the typical increase of several orders of magnitude with graphene concentration. Although both the conductivity
and the THz absorption increase with graphene concentration, there is no direct cause-and-effect relation between the
two quantities. Careful analysis shows that even the highest dc conductivity values cannot explain even the lowest
observed values for the THz absorption coefficient.

Keywords: THz transmission, THz absorption, graphene, dielectric properties, electrical conductivity, epoxy, non-
destructive testing

1. INTRODUCTION

Graphene has many attractive properties: it is a very light and very strong material, and it conducts both heat and
electricity very well. Thus, it could possibly be integrated into many materials systems, enhancing their performance.
Since Geim and Novolosev discovered the so-called “Scotch-tape” method, a mechanical exfoliation technique, to
extract thin flakes of graphene from graphite in 2004, the number of graphene-research publications has roughly doubled
every 2 years [2]. The simple extraction technique made the material widely available, albeit in small quantities, and
combined with the very promising properties the interest in the field grew enormously. Some of the applications that
have emerged (are foreseen) are: transparent electrodes in solar cells [3], data storage [4], high-speed electronics, even
though the lack of a bandgap is a setback that could possibly be alleviated by developing derivatives [5-7], smart window
and displays [8-9], and supercapacitors [10-16]. These applications are all well described in Reference 17. The strength
and light weight of the material may be leveraged in for instance body armor or airplane components. One final
application we like to mention is using graphene as a microwave-absorbing material protecting sensitive electronic
equipment [18]. In this paper we report on our investigation of the THz absorbance of graphene/epoxy compounds and
look into a possible relationship with the electrical conductivity of the compound. After describing the details of the
fabrication process of the samples used in this study, we present the THz measurement technique and the results from
these measurements, followed by a description of the measurement technique of the electrical conductivity as well as the
results we obtained. Next, we discuss the results, investigating the possibility to correlate the observed absorbance with
the dc conductivity and the result of this investigation is reiterated in the Conclusions section.
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2. GRAPHENE/EPOXY COMPOSITE SAMPLES

Samples of neat epoxy polymer and graphene/epoxy composites were prepared. The neat epoxy sample was included as
a reference.

The neat epoxy polymer samples were prepared by mixing Araldite LY 556 epoxy resin, Aradur 917 hardener, and
Accelerator DY 070 at the weight ratio 100:90:1. The blend was mixed manually, heated to 60 °C, and then mixed
thoroughly again. The blend was then cast in aluminum cups that had been coated with a release agent. The employed
curing cycle was 4 hours at 80 °C and 8 hours at 140 °C. The size of the cured samples was around 41 mm in diameter
and 1-2 mm in thickness.

For preparation of cured graphene/epoxy samples, master batches of graphene in the epoxy resin (Araldite LY 556) or
the hardener (Aradur 917), were employed. The master batches were prepared by CealTech AS using their proprietary
methods to ensure stable and homogeneous dispersion at various graphene concentrations (up to 16 wt. %). A solvent-
based method was employed to disperse a commercial graphene powder into the epoxy resin or hardener. The solvent
helps the polymer chains to intercalate in-between the graphene sheets and exfoliate the sheets while dispersing them.
The solvent was subsequently removed, leading to the formation of graphene/epoxy and graphene/hardener master
batches. The master batches were employed to prepare the graphene/epoxy samples, which are listed in Table 1. From a
single master batch several samples with different concentrations were prepared by proper dilution, and from each of
these concentrations two, sometimes three samples with different thicknesses were formed. For instance, master batch S3
(see sample ID in column 2 of the table) was used to make four concentrations: 0.42, 0.28, 0.24, and 0.07 wt,%
graphene, resulting in a total of eight samples: numbers 3 — 10.

The graphene/epoxy samples were prepared in a similar manner to the neat epoxy samples, making sure that the mixing
ratio of the polymer components was correct. However, the graphene master batches were highly viscous. To lower the
viscosity during processing, they were heated to 60 °C prior to mixing. Using this method, graphene/epoxy samples with
graphene concentration up to 12 wt. % could be fabricated. The cured samples seemed to be free of voids by visual
inspection.

The fabricated samples, 52 in total, were subsequently characterized in terms of electrical conductivity and THz
transmission.

Table.l  Overview of the compositions of the graphene/epoxy samples. The samples were disks with ~41 mm diameter and 1-2 mm
thickness. Master batches S3-S5 were dispersions of graphene in epoxy and master batch S8 was graphene in hardener.

Sample number Master Graphene content in master batch Graphene content in sample
batch (wt. %) (wt. %)
1-2 n/a 0.0 0.00
3-4 S3 0.8 0.42
5-6 S3 0.8 0.28
7-8 S3 0.8 0.14
9-10 S3 0.8 0.07
11-12 S4 4.0 0.42
13-14 S5 8.0 0.42
15-17 S4 4.0 0.14
18-20 S4 4.0 0.84
21-23 S4 4.0 1.26
24-26 S4 4.0 2.10
27-29 S5 8.0 0.14
30-32 S5 8.0 0.84
33-35 S5 8.0 1.26
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36-38 S5 8.0 2.10
39-41 S5 8.0 2.94
42-44 S5 8.0 4.20
45-46 S8 16.0 4.20
47-48 S8 16.0 6.22
49-50 S8 16.0 8.24
51-52 S5/S8 8.0/16.0 11.92

The graphene powder used in this study was obtained from a commercial supplier and some of the properties of the
graphene are listed in Table 2.

Table 2. Some properties of the graphene powder

Average thickness: 10-20 nm
Average transverse dimension: | 5 um
Specific surface area: > 15 m¥g
True density: <220 g/em®
Solids: >98.80%
Moisture: <1.20%
Carbon content: >95.00%
Oxygen content: <4.00%
Hydrogen content: <1.00%
Nitrogen content: <0.20%
Ash content: <2.50%

Figure 1 shows examples of two prepared samples: the neat epoxy sample and an example of a graphene/epoxy sample.
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Figure 1. Examples of a neat epoxy sample (left) and a graphene/epoxy composite sample (right).
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3. THZ MEASUREMENTS

3.1 Set-up

The THz setup, schematically shown in Figure 2, is based on a fiber-coupled time-domain spectroscopy system pumped
by 100-fs pulses at 780 nm wavelength from a frequency-doubled Er-doped fiber laser [19]. It is driven by a
femtosecond laser that emits 120-fs-long pulses at a wavelength of about 1.55 um. The wavelength of the pulses is
halved (frequency doubling) using a nonlinear crystal, the power is split 50/50 and one-half of this power then
illuminates the emitter. This is a piece of low-temperature grown GaAs where the incoming laser light pulses create
electron-hole pairs that are accelerated in an applied electric field and in the process emit electromagnetic radiation that
mainly covers the THz frequency domain. The frequency doubling of the laser light is necessary to excite electrons
above the GaAs bandgap. The repetition rate of the laser is 90 MHz. The THz radiation is pointed to a sample and a
detector measures transmitted THz radiation. The detection principle is the inverse of the generation principle. The other
half of the original laser light power is diverted through a variable delay line and shone on the detector to create electron-
hole pairs and prepare the detector for reception of the THz radiation. The E-field from the THz pulse produces then a
tiny current in the detector, which is detected by a lock-in amplifier. One then steps through the detected pulse by
adjusting the delay line and in this way builds up the transmitted or reflected THz wave, measuring the THz E-field as a
function of time. Fiber coupling of the laser light into the measurement heads allows for flexible placement of detector
end emitter with respect to the sample [19]. Figure 3 shows typical reference and noise spectra.
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Figure 2. Schematic overview of the fiber-coupled THz-TDS system configured in transmission mode [1].
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Figure 3. Typical reference and noise spectra for the set-up in Fig. 2. Typically the maximum SNR > 60 dB and the bandwidth > 2.0
THz
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3.2 THz absorption coefficient

The transmission measurements are performed by measuring the THz amplitude with and without a sample present and
averaging over a large number of pulses to improve the signal-to-noise ratio. By considering the transmission of plane
electromagnetic waves through a slab at normal incidence, one can derive an expression for the transmission coefficient.
See Figure 4 for a sketch of the transmitted and reflected waves, the basis for the analysis. When neglecting multiple
reflections in the sample, assuming that air has a refractive index of 1, and assuming that there are no strong absorption
lines, such that the imaginary part of the index of refraction, Im n, is much less than the real part, Re n, we find that

E.(w)  4Ren :
> ~ expliew(n-1)L/c

where E¢(0) and E() are the Fourier transform of the measured temporal THz amplitude with and without sample,
respectively. L is the sample thickness,  is the angular frequency, and c is the vacuum speed of light. From Eq. (1), we

obtain
c E (o
Ren=—1Im|In ﬁ +1 2)
oL E, ()
and
C 4Ren E (@
Imn=—-/<In| ————— |-Re|In L ©)
ol (Ren+1) E, (@)
The relation between Im n and the power absorption coefficient, a, is given by
20
a=—Imn (4)

c

In essence, Im n denotes the absorption per wavelength, while o is the absorption per length unit. Note that Im n > 0 for
® > 0 for any passive medium, i.e. a passive medium is always lossy. A retrieved Im n < 0 is unphysical and indicates
uncertainties in the measurement results. One essential point with Eq. (3) is that it takes into account Fresnel reflection at
the sample boundary, in order to get the intrinsic absorption coefficient of the sample.

THz pulse
Sample

Emitter |[— — — i —>| Detector

Figure 4. Measurement geometry for transmission mode. Note the emitted and reflected pulse on the emitter side of the sample and
the transmitted pulse on the detector side.
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3.3 Measurement results

Terahertz transmission measurements were carried out in ambient air using the set-up in Fig. 2. No smoothing was
applied to the spectra and water vapor lines were not removed. Example spectra are shown in Fig. 5.
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Figure 5. Examples of measured transmission spectra. Bandwidth and signal strength are reduced with increasing graphene
concentration. Also, apart from the water vapor absorption lines, there are no spectral features.

We observe that increased graphene concentration causes a broad-band increase in absorption (reduced transmission) and
we do not observe absorption lines due to the graphene. The absorption lines in the spectrum are associated with water
vapor. No smoothing is applied when calculating the spectra from the time traces.

The absorption coefficient of the samples was extracted using Eq. (4) and the real part of the refractive index was
determined using Eq. (2). Example of the absorption spectra for some samples are presented in Fig. 6
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Figure 6. Examples of averaged (over sample thicknesses) absorption coefficient. The legend indicates the graphene concentration,
wt-%.

Figure 6 shows again that typically the broad-band absorption increases with increased graphene concentration and the
spectra are relatively smooth without any absorption lines.
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Both the real part of the refractive index and the absorption coefficient depend on frequency, but the results are reported
here at a frequency at 0.3 THz, because this was the highest frequency that gave a good signal for all samples, and
because no significant spectral features were observed in the spectra about this frequency. Figure 7 shows the measured
absorption coefficient for the different samples. It is clear from the figure that the absorption coefficient increases with
increasing graphene concentration. Note that one of the measurements at 0 wt. % graphene concentration (i.e. neat
epoxy) shows negative absorption, but this is unphysical and represents the typical measurement uncertainty. The
different symbols represent the different master batches from which the samples were produced.
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Figure 7. Measured absorption coefficient at a frequency of 0.3 THz as a function of graphene concentration for the different samples.
Fresnel reflection at the sample interfaces is corrected for. The different symbols represent the different master batches
(m. b.) from which the samples were produced.

The real part of the measured refractive index at 0.3 THz is shown in Fig. 8. It is apparent from the figure that the real
part of the refractive index also increases with increasing graphene concentration. An increase in Re n implies an
increase in the optical path length through the sample. This manifested itself as an increase in the propagation delay of
the THz pulses through the samples as the graphene concentration increased.
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Figure 8. Measured real part of the refractive index at a frequency of 0.3 THz as a function of graphene concentration for the different
samples. The different symbols represent the different master batches (m. b.) from which the samples were produced.

4. ELECTRICAL CONDUCTIVITY MEASUREMENTS

We measured the dc conductance of the samples perpendicular to the circular surfaces. In order to ascertain good
contact, the surfaces contact areas were covered with tin foil between two large area electrodes placed in a vise. A
Keithley 236 Source Measure Unit was used to be able to generate the relatively large required voltages and measure the
small currents. A sketch of the set-up is shown in Fig. 9.
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Figure 9. Setup for measurement of electrical conductivity. The sample to be tested is placed between two electrodes, which are
pressed onto the sample using a vise. The current through the sample is measured as a function of applied voltage.

The voltage V is ramped up and the current | through the sample is measured. The (I, V) data are fitted to a straight line
and the electrical conductivity, o, is calculated from the slope:
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In this expression L is the thickness of the sample and A is the contact area.

Figure 10 shows the measured electrical conductivity as a function of graphene concentration for all samples listed in
Table 1. We observe that the conductivity is of the order of 10™? S/m for the lowest graphene concentrations, while it
increases to 10° S/m for the highest graphene concentration. The latter is still a low conductivity, and it corresponds to a
measured resistance of about 100 kQ through the sample. We further observe that there is good correspondence between
graphene concentration and conductivity, also for samples with the same wt. % but produced from different master
batches (m.b.), except for the samples prepared from the master batch with 16 wt. % graphene in hardener (+ symbol).
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Figure 10. Measured electrical conductivity as a function of graphene concentration for the different samples. The symbols
correspond to the master batches (m.b.) from which they are produced.

5. DISCUSSION OF RESULTS

We observed that both the absorption coefficient and the electrical conductivity increase with increased concentration of
dispersed epoxy. For low concentrations of graphene the conductivity is low (~10™* S/m) and then rises rapidly, orders
of magnitude, as the concentration increases. The absorption coefficient increases with graphene concentration as well,
but at a more moderate pace. The question arises naturally whether the observed absorption coefficient may be explained
by the electrical conductivity. To investigate this we start off by considering one of Maxwell’s equations for a lossy
medium:

- ) i
VxH =—iwe,| e +— |E, ©)
&,

where we define an effective permittivity
io
Eq = E+—. (7
WE,

The relative permittivity and the refractive index are related according to nes= efr’2.
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Using algebra we find

2w o
=" =—— 8
“ c m(n) cg, Re(n) ©®

With 6 = 10®° S/m (the highest conductivity value we measured) and Re(n) = 1.7, we find a = 2x10°® mm™. This value
for the absorption coefficient is several orders of magnitude smaller than the measured absorption coefficient values. We
conclude therefore, that the electrical conductivity of the samples has a negligible contribution to the absorption
coefficient.

6. CONCLUSIONS

In conclusion, we have fabricated epoxy samples with various concentrations of dispersed graphene powder. The
electrical conductivity of the samples was measured. In addition, terahertz transmission spectroscopy was used to
retrieve the dielectric parameters of the samples. It was found that the electrical conductivity increased by several orders
of magnitude with increasing graphene concentration, but even for the highest graphene concentration of 12 wt. %, the
electrical conductivity was comparably low. Also, the measured electrical conductivity was several orders of magnitude
too low to explain the measured absorption coefficient of the samples, which increased with increasing graphene
concentration.
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