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The electrical conductivity of two-dimensional materials without any electrical contact can be obtained using two different methods:
the terahertz time domain spectroscopy (THz-TDS) method, in the range from GHz up to 2 THz [1], and with a rutile dielectric res-
onator (RDR), in which case the conductivity is obtained at the resonant frequency of the device, close to 9.0 GHz [2]. In one case
(THz-TDS in a transmission setup), we focus directly on the sample. In the other case (RDR), the sample is placed inside the reso-
nant cavity working at TE011 mode and must have exactly the same surface size as the cavity, 12 × 12 mm in our device. From the
Q factor variation of the resonant cavity due to the sample, we can extract its surface resistance. We performed these measurements
on different two-dimensional materials: graphene and WS2. We analyzed and compared both methods.

1 Introduction

The measurement and characterization of two-dimensional (2D) materials such as graphene, molybde-
num disulfide (MoS2) or tungsten disulfide (WS2), among others, is an active research field due to the
particular electrical, chemical, thermal and mechanical properties that these materials show specially at
high frequencies. There are a lot of applications of these crystalline single-layer materials: gas sensors
[3], high-performance energy storage [4] and communication devices at the microwave, mid-IR and THz
range of frequencies [5, 6].
WS2 is an example of a transition metal dichalcogenide (TMDC) which, similar to graphite, is a layered
material enabling the exfoliation into 2D layers of single unit cell thickness, due to its strong in-plane
bonding and weak out-of-plane interactions [7]. WS2 has an electronic gap between 1.4 eV (indirect) to
2 eV (direct) depending on its thickness (bulk, few layers or single layer). As it is well known, a direct
gap is a desired characteristic for new devices applications in nanoelectronics and optoelectronics.
Terahertz time domain spectroscopy (THz-TDS) is a measuring technique based on a coherent detection
very adequate for 2D materials characterization as no electrical contacts are nedded, in the range from
some GHz up to 2 THz, we used it previously on MoS2 and graphene [1]. Dielectric resonators are de-
vices used for the characterization of surface electrical resistance of conducting coatings at frequencies
around 10 GHz [2].
In this work, our main goal is to compare the THz-TDS and the dielectric resonator techniques for the
electronic characterization of WS2 and graphene at the microwave and THz range of frequencies.

1.1 Sample characterization

WS2 samples were obtained by chemical vapor deposition (CVD) on quartz of 1 mm thickness at Se-
jong University, Seul, Korea (prof. J. Eom group). Graphene samples Gr-PET and Gr-Quartz were ob-
tained (at Graphenea) by CVD on different substrates: Gr-PET is CVD on polyethylene terephthalate
(PET) of 250µm thickness and Gr-Quartz is CVD on quartz of 500µm thickness. GrO and Gr-flakes are
films of compacted graphene flakes of a few µm thickness from Danubia Nano Tech Ltd, GrO is a film of
graphene oxide flakes and Gr-flakes is a film of graphene flakes after reducing a GrO film. The dimen-
sions and notation for all the analyzed samples are shown on Table 1.
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1.1.1 IR characterization

A Fourier-transform infrared absorbance spectroscopy (FT-IR) was done for WS2 and graphene samples
in the range from 4 000 to 6 000 cm−1 in order to check the optical behavior in the adjacent upper fre-
quency range (see Figure 1). This analysis included the absorbance measurement of the quartz bare
substrates to be used as a reference for each 2D material. The absorbance obtained for graphene sam-
ples was constant throughout the measurement range and very low (less than 1.5 %). In the case of WS2

samples, the absorbance presented a linear behavior (increasing slightly with the wave number) and a
higher value (between 25 % at 4 000 cm−1 and 30 % at 6 000 cm−1). These results are in good agreement
with the behavior at the visible range (∼ 14 000 - 25 000 cm−1), the WS2 layer is clearly visible with the
naked eye in comparison to the bare substrate, whereas in the case of graphene, the bare substrate and
the sample are indistinguishable. Spectra were obtained with the Frontier FT-IR/FIR Spectrometer from
Perkin Elmer at CCiTUB.

1.1.2 Raman characterization

The quality of the 2D samples were obtained by a Raman spectroscopy with an excitation laser line of
532 nm, with a power of 0.5 mW to ensure non-degradation of the samples, at CCiTUB.
Raman spectra of WS2 on quartz samples show two main characteristic bands at 352 cm−1 and 418 cm−1.
E1

2g and A1g are the most significant active modes of the WS2 Raman spectra [8] and, since the longitu-

dinal acoustic phonon mode (2LA) is so close to the E1
2g band (less than ∼ 5 cm−1 difference), a multi-

peak Lorentzian fitting is needed (see Figure 2). After a deconvolution and baseline correction, the most
prominent peak was decomposed into three lines: E1

2g (M) line at 343 cm−1 with a relative intensity of

1.01 (a.u.), 2LA(M) line at 351 cm−1 with a relative intensity of 2.61 (a.u.) and E1
2g(Γ) line at 355 cm−1

with a relative intensity of 1.30 (a.u.). Bulk WS2 Raman spectra show E1
2g band at ∼ 351 cm−1 and A1g

band at ∼ 420 cm−1, but in the case of monolayer WS2 samples, a red-shift occurs for A1g line (∼ 3
cm−1) and a minor blue-shift occurs for the 2LA(M) line (less than ∼ 1 cm−1) [9], a behavior clearly ob-
served in Figure 2. For these reasons we concluded that both WS2-S1 and WS2-S2 are monolayer or few
layers WS2 samples.

2 Experimental methods

2.1 THz time domain spectroscopy (THz-TDS)

THz-TDS is a testing method based on a coherent detection, implementing a phase-sensitive technique
that enables a large range of application in fields like medicine, chemistry or engineering [10]. In this
study, this technique is used to make measurements of material properties at THz frequencies with a
spectral range between 0.2 THz and 2 THz. Our system is based on a commercial THz spectrophotome-
ter (TERA K8 of Menlo Systems) with an excitation laser line of 780 nm. The system is working in a
transmission setup (see Figure 3) because target conducting samples are very thin (less than 10 nm),
deposited on a dielectric substrate, so most of the electromagnetic field reaches the emitting antenna. In
case of measuring bulk materials (much thicker than the skin depth), a reflection setup could be more
adequate.
Figure 3 shows a simplified THz-TDS schema where we can see both optical and THz paths. On the
first stage, an optical pulse is generated by the 780 nm laser (blue dashed line). The optical pulse is split
by using a polarizing beam splitter into a detecting (red dashed line) and a generating beam (green dashed
line). The pump (generating) beam travels along to a fixed length path until it arrives to the emitting
THz antenna. The probe (detecting) beam travels along to a variable length path using a controlled de-
lay line until it arrives to the receiving THz antenna. When a pump pulse reaches the emitting antenna,
a THz wave is generated and transmitted through the sample. Two collimating lenses are used to reduce
the spot size on the sample and a controlled multi-axis system is used in order to align the sample with
the spot. When a probe pulse reaches the receiving antenna, a photocurrent, which is proportional to
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2.1 THz time domain spectroscopy (THz-TDS)

the instantaneous electric field, is generated and recorded by the acquisition data system. The variable
delay line stage allows measuring the different instants of the THz pulse in the temporal domain. After a
Fourier transform we obtain the spectra, as the electric field versus frequency.
THz-TDS applied to 2D material measurement consists on, at least, a set of three measurements (see
Figure 4). The first measurement is used for the characterization of the reference pulse generated by
the emitting antena when it travels along the THz path without the presence of the sample or the sub-
strate. Then, the reference signal shown in Equation 1 is the result on the frequency domain of the con-
volution of the THz pulse in the temporal domain and h0(t), the impulse response of the THz path chan-
nel (air). The second measurement is used to characterize the dielectric properties of the bare substrate
by replacing a portion of the previous air path with a new path including the substrate. Then, the sub-
strate signal shown in Equation 2 is the result on the frequency domain of the convolution of the THz
pulse in the temporal domain and hsub(t), the impulse response of the THz path channel modified by the
substrate contribution. Finally, the third measurement is used to analyze the variations produced by the
whole sample in relation to the reference signal. The sample signal shown in Equation 3 is the result on
the frequency domain of the convolution of the THz pulse in the temporal domain and h2D(t), the im-
pulse response of the THz path channel modified by the sample contribution (where ω = 2πf is the an-
gular frequency).

S0(w) = H0(w) · E0(w) (1)

Ssub(w) = Hsub(w) · E0(w) (2)

S2D(w) = H2D(w) · E0(w) (3)

The amplitude ρsub(w) and the phase Φsub(w) of the ratio between the substrate signal and the refer-
ence signal in the frequency domain, Tsub(w), allows to obtain the dielectric properties of the substrate:
nsub(w), the refractive index of the substrate (Equation 5), and κsub(w), the extinction index of the sub-
strate (Equation 6) [11].

Tsub(w) =
Ssub(w)

S0(w)
=
Hsub(w)

H0(w)
= ρsub(w) · e−iΦsub(w) (4)

nsub(w) = Φsub(w) · c

w dsub
+ 1 (5)

κsub(w) = ln

(
4nsub

ρsub(w)(nsub + 1)2

)
· c

w dsub
(6)

where dsub is the subtrate thickness.
The ratio between the sample signal and the reference signal in the frequency domain, T2D(w), depends
on the dielectric properties of the substrate, which were previously obtained from Equation 5 and 6, and
on the properties of the 2D sample. Assuming that the 2D material is a boundary condition of the sub-
strate with a surface conductivity σ2D, the expression could be reduced to Equation 7.

T2D(w) =
S2D(w)

S0(w)
=

4Xnsub

nsub + 1
· e
−i(ñsub − 1)w dsub

c ·
FP∑
m=0

fpmbound (7)

fpbound(w) =
nsub − 1

nsub + 1
· (2nsubX − 1) · e

−2i
ñsubw dsub

c (8)

X−1 = 1 + nsub + σ2DZ0 (9)
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2.2 Rutile dielectric resonator (RDR)

where ñsub = nsub − iκsub is the complex refractive index of the substrate, Z0 = 120πΩ is the free-space
impedance and the FP value of the summation denotes the number of Fabry-Pérot reflections, fpbound,
produced in the substrate.
A proper waveform truncation fixes the value of FP : for thick substrates and short time windows, the
summation could be equal to 1 leading to Equation 10, considering only the first pulse [12]. For thin
substrates and long time windows, the summation could be approximated to a simplified expression (see
Equation 11) after considering infinite internal reflections [1]. For intermediate situations, the FP value
could not be exactly an integer (depending on the time window used), so the resulting expression can
not be analytically calculated and, even using numerical analysis, the result could not properly fit the
Fabry-Pérot effect.

σ2D =
1

Z0

 4nsub

T2D(w) · (nsub + 1)
· e
−i(ñsub − 1)w dsub

c − 1 − nsub

 (10)

For this reason, instead of using Equation 7, we can use simplified expressions depending on the thick-
ness of the substrate. If the substrate is thin, a large time window could be used for processing the data
and the conductivity may be calculated numerically from Equation 11 (and the definitions on Equation
8 and 9). On the other hand, if the substrate is thick enough, a truncated time window including only
the first pulse could be used and then the conductivity could be calculated from Equation 10.

T2D(w) =
4Xnsub

nsub + 1
· e
−i(ñsub − 1)w dsub

c · 1

1 − fpbound
(11)

The criterion of the thickness of the substrate and, for extension, the time window used is not absolute
and it depends on the dielectric properties of the substrate, i.e. the speed of the wave in the medium.

2.2 Rutile dielectric resonator (RDR)

The conductivity of a conducting sample can also be obtained from the quality factor, Q, changes on a
dielectric resonator cavity at the microwave range of frequencies. This method allows obtaining the elec-
trical resistance of the material on a single frequency (the resonance frequency of the cavity) depending
on the dielectric properties of the materials involved and on the cavity size [2].
The cavity used in our measurements was a closed metallic body with a rutile (TiO2) cylinder of 3 mm
height and 4 mm diameter shielded axially by a pair of square samples of approximately 12 mm side.
Samples were fixed with a pair of bulk brass blocks and the electromagnetic field was generated by a
pair of coaxial cables with coupling loops at the end (see Figure 5) [2, 13].
The experimental process consists on measuring the spectrum of the S21 parameter with a vector net-
work analyzer in order to obtain the resonance frequency, f0, and the quality factor, Q, of the resonator.
The resonance mode used was the TE011 mode and f0 varies from 8.5 to 9.5 GHz. The value of f0 de-
pends on the physical dimensions of the cavity (3 mm height), the dielectric constant of the rutile (εr ∼
100) and, in a minor way, the skin depth of the target sample, δs, which is a measure of how close to the
surface the electrical current flows, at certain frequency, f (see Equation 12).

δs =

√
ρ

π · f · µ0

(12)

where µ0 = 4π × 10−7 H m−1 is the permeability in vacuum and ρ is the resistivity of the material.
The skin depth also introduces a relation between the surface resistance, RS, and the resistivity, ρ (see
Equation 13).

RS =
ρ

δs
(13)
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The quality factor of the resonator is a measure of the ratio between the energy stored and the energy
dissipated by the resonator and could be obtained from S21 spectrum by dividing the resonance frequency
by the bandwidth at 3 dB. Equation 14 shows the relation between the surface resistance of the surfaces
enclosing the cavity (the sample) and the quality factor of the resonator [2].

1

Q
=
∑
i

RSi

RGS

+ p · tan(δ) (14)

where the sum considers the losses of the individual metal surfaces noted through the index i, RGS =
242.529 Ω is the geometrical factor of the closing plates of the resonator, p ∼ 1 is the ratio of the energy
stored in the rutile to the energy stored in the entire resonator, tan(δ) = 1.2496×10−4 is the loss tangent
of rutile at room temperature. Note that the lateral walls can be neglected because the small size of the
rutile cylinder (compared with the total size of the cavity) ensures that the electromagnetic field in the
walls are effectively zero.
The resistivity of the samples, ρ, could be obtained from the definition of the skin depth (Equation 12),
the relation between the skin depth and the surface resistance (Equation 13) and the value of RS ob-
tained experimentally from Equation 14 at the resonance frequency, f0, as shown in Equation 15.

ρ =
RS

2

π · f0 · µ0

(15)

3 Experimental results

3.1 THz-TDS results

Time domain electric field amplitude provided by THz-TDS on WS2 samples shows the influence of the
WS2 layer in terms of pulse attenuation and delay (see Figure 6). The main reference pulse (green sig-
nal) is reduced by 16.2 % when it goes through the bare substrate (blue signal) and it is reduced by 26.3 %
when it passes through the WS2 sample (red signal), so the relative attenuation introduced by the WS2

layer is approximately 12 %. Quartz substrate 1 mm thick produces a delay of 3.1 ps from reference (air)
and an the WS2 layer produces an extra delay of 0.1 ps. The blue minor peak at 18.30 ps represents the
first Fabry-Pérot reflection and provides a metric for selecting the time window. The distance between
the first blue pulse (at 5.73 ps) and the secondary pulse (at 18.30 ps), about 12.57 ps, also provides an es-
timation for the refractive index of the substrate (nsub ∼ 1.81) based on the wave speed reduction from
the free-space value (going twice through the thickness of the sample).
The attenuation affects all the frequencies as shown on the spectrum of Figure 7, obtained by applying
the FFT on the time-domain signal. Dielectric properties of quartz, nsub and κsub, were obtained from
reference and bare substrate spectra ratio, Tsub(w), the value obtained for the refractive index was con-
stant over the frequency range (see Figure 8) and very close to the estimation: nsub ∼ 1.847. Figure 8
also shows the values obtained for the other substrates: nsub ∼ 2.144 for Quartz-Gr and nsub ∼ 1.713 for
PET-Gr.
From reference and sample spectra ratio, T2D(w), and applying the model of infinite Fabry-Pérot reflec-
tions of Equation 11 (after using a proper time window), the sheet conductivity obtained is shown on
Figure 9 (blue curve on line). For comparison, on the same Figure 9 we reported the conductivity val-
ues obtained for other 2D materials: MoS2 on sapphire [1] and graphene on Quartz (Gr-Quartz). The
conductivity obtained for WS2 on Quartz was in the range between 1 and 3 mS/�, slightly higher to
that obtained for graphene on Quartz (between 0.5 and 1 mS/�).
In case of GrO and Gr-flakes samples, time domain analysis shows that the THz-TDS method in the
transmission setup is not adequate for these materials.It could be due to the roughness and non unifor-
mity of the samples. Moreover, since graphene oxide is an insulator, GrO sample is practically invisible
to the electromagnetic field and the thickness is not enough to apply the bulk material approximation
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3.2 RDR results

(the same used to characterize the bare substrates). For the reduced graphene oxide, it is a good con-
ductor and the thickness of Gr-flakes sample is large enough to avoid transmitting the terahertz pulse, so
the receiving antenna does not receive the signal.

3.2 RDR results

The experimental results obtained by this method are summarized in Table 2. As a calibration, the
first measurement done on the RDR was an empty setup (without samples) with a very low coupling.
The resonance frequency obtained in this preliminary measurement was 9.0262 GHz and the quality fac-
tor was 1742. The resistivity obtained for these values was ρ = 8.32 · 10−2 µΩ m which is in good agree-
ment with the values found in the literature for bulk brass ∼ 6 ·10−2 - 9 ·10−2 µΩ m. For a copper sample
of 1 mm thickness we obtained a resistivity value of ρ = 1.70 · 10−2 µΩ m which is also in good agreement
with the value found in the literature for bulk copper ∼ 1.72 · 10−2 µΩ m. The frequency shift in these
previous measurements was very small, about 12.7 MHz, and it corresponded only with the difference be-
tween the skin depth of each material because the geometry of the cavity was basically the same.
The values found for graphene on PET (Gr-PET) and graphene on quartz (Gr-Quartz) samples were
very different. Both samples producing a higher shift on the resonance frequency (between 500 and 900 MHz
lower) which is due to a drastic change in the geometry of the cavity (larger cavity due to the substrate
thickness). The conclusion is (as in the other method), these 2D samples are too thin and therefore can-
not shield the electromagnetic field properly. Furthermore, the Q values obtained were also too low and
the noise level too high to extract reasonable values for the surface resistance.
In case of GrO samples, as found in THz-TDS method, the material was invisible. The configuration
used was copper-sample-rutile-sample-copper and the values obtained were basically the same as found
in the previous measurement with only copper. This was not a surprising result because the GrO is an
insulator. The minor differences in the frequency and the quality factor obtained respect the only copper
configuration is due to the geometric change by addition of the layer.
Finally, in the case of Gr-flakes samples, the value of the resonance frequency obtained was identical to
that of the configuration with only copper, while the quality factor decreased dramatically from 3052 to
878.0. With these data, the resistivity obtained was ρ = 1.37µΩ m which corresponds to a surface con-
ductivity of 4.5 S/� and a skin depth of 6.2µm (slightly larger than the thickness of the sample). This
value is reasonable compared with the value obtained for Gr-Quartz from THz-TDS as the surface con-
ductivity is 4 500 times greater when the thickness relation of the samples is in the same order of magni-
tude (between 2 500 and 6 000 considering ∼ 3 - 7 graphene layers).

4 Comparison and conclusions

4.1 Comparison

Both THz-TDS and RDR are contactless and non-destructive measuring methods for obtaining the con-
ductivity of thin metallic samples. However, there are several differences between both methods.
They are complementary in terms of frequency ranges because dielectric resonators work on microwave
range (few GHz) and THz-TDS work from hundreds of GHz up to 2 THz. Nevertheless, THZ-TDS method
is more suitable since it allows obtaining a wide spectrum (from 0.2 GHz to 2 THz) while RDR only al-
lows obtaining the conductivity for a single frequency.
In terms of sample size, THz-TDS method has no important limitations but is better to have big sam-
ples (at least 10 mm side) in order to ensure that all the electromagnetic field passes only through the
sample. Thus, for small samples compared with the spot size, is mandatory that the lenses are perfectly
aligned in the center of the sample. In case of RDR method, the size is fixed at 12 mm side (in fact, a
little less) in order to fit the cavity, so bigger samples cannot be measured. Smaller samples can be mea-
sured because the rutile cylinder diameter is 4 mm only but, in this case, the alignment complexity in-
creases and the quality of the results obtained decreases. For these reasons, the RDR method has more
sample size limitations.
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4.2 Conclusions

The transmission setup used in the THz-TDS method is very adequate for thin samples (which is the
case of 2D material) because the major part of the electromagnetic field reaches the receiving antenna.
In case of RDR method, the electromagnetic field should be confined in the cavity in order to produce
the resonance between the samples surfaces for this reason the minimum thickness required is between 2
and 3 times the skin depth of the target material. For these reasons, in terms of samples thickness, the
methods are opposite.
The time spent in data acquisition and data processing is lower in case of RDR method. THz-TDS method
requires models and algorithms more complex and the calibration time is also longer.
Despite it is possible to measure with a unique sample, as shown in [13], RDR method needs two iden-
tical samples in order to obtain the best results (using only one sample increase the error sources and
needs more measurement stages). THz-TDS method requires only one sample of the 2D material but a
sample with a bare substrate is also needed and the minimum number of measurements required is 3, in
comparison with RDR method which only need a unique measurement in case of samples with enough
thickness.

4.2 Conclusions

The samples used in each method, THz-TDS or RDR, could not be the same, as the restrictions for each
experiment setup are different:

• For RDR in our actual setup we need 12 × 12 mm square samples with thickness greater than the
skin depth.

• For THz-TDS in a transmission setup the samples could be monolayers. They have to be flat and
uniform, over the laser spot size surface.

We used THz-TDS on CVD obtained WS2 samples, obtaining the electrical sheet conductivity up to
2 THz. The conductivity is high, between 1 and 3 mS/�, very close to the values obtained for graphene
or MoS2.
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Table 1: Llist of analyzed samples.

Material Substrate Notation Area [mm × mm ] Thickness [mm]
WS2 Quartz WS2-S1 20 × 20 -
WS2 Quartz WS2-S2 20 × 20 -
Quartz - Quartz-WS2 20 × 20 1.0 ± 5%
Graphene PET Gr-PET 11.8 × 11.8 -
PET - PET-Gr 11.8 × 11.8 0.25 ± 5%
Graphene Quartz Gr-Quartz 11.8 × 11.8 -
Quartz - Quartz-Gr 11.8 × 11.8 0.50 ± 5%
Graphene Oxide - GrO 11.8 × 11.8 (13 ± 1) · 10−3

Reduced Graphene Oxide - Gr-flakes 11.8 × 11.8 (10 ± 1) · 10−3
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4.2 Conclusions

Figure 2: Raman spectra of WS2-S1 sample (WS2 on quartz) and multi-peak Lorentzian fitting of Raman bands shows the
two lines E1

2g(Γ) at 355 cm−1 and A1g(Γ) at 418 cm−1 characteristics of monolayer or few layers [8, 9].

Figure 3: THz-TDS schema of the transmission setup based on a commercial THz spectrophotometer TERA K8.
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4.2 Conclusions

Figure 4: Optical diagram of the THz beams between the transmitting and receiving antennas.

Figure 5: Scheme of the RDR cross-section and the inner layers.

Table 2: Summary of the resonance frequency f0, the quality factor Q, the surface resistance RS , and the resistivity ρ
obtained for Brass, copper and the graphene-based samples.

Sample f0 [GHz] Q RS [mΩ ] ρ [µΩ m]
Brass 9.0262 1742 54.5 8.32 ·10−2

Copper 9.0135 3052 24.6 1.70 ·10−2

Gr-PET 8.4834 417 - -
Gr-Quartz 8.1243 154 - -
GrO 9.0075 3006 - -
Gr-flakes 9.0135 878.0 221 1.37
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4.2 Conclusions

Figure 6: Time-domain electric field pulse of the transmitted THz wave through the reference (air), the bare substrate
(quartz) and the WS2 sample on the substrate.

Figure 7: Electric field amplitude spectra of the reference (air), the bare substrate (quartz) and the WS2 sample on the
substrate
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4.2 Conclusions

Figure 8: Refractive index of the substates (Quartz-WS2, Quartz-Gr and PET-Gr).

Figure 9: Real part of sheet conductivity of WS2 (WS2-S1), graphene (Gr-Quartz), and MoS2 [1].
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