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Abstract. We demonstrate graphene on flexible, low-loss, cyclo-olefin polymer
films as transparent electrodes for terahertz electro-optic devices and applications.
Graphene was grown by chemical vapor deposition and transferred to cyclo-
olefin polymer substrates by the thermal release tape method as layers on an
approximate area of 4 cm2. The structural and electromagnetic properties of the
graphene samples as well as their spatial variation were systematically mapped by
means of µRaman, terahertz time-domain and mid-infrared spectroscopy. Thanks
to the small thickness and very low intrinsic absorption of the employed substrates,
both high transmittance and conductivity were recorded, demonstrating the
suitability of the technique for the fabrication of a new class of transparent and
flexible electrodes working in the terahertz spectrum.
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1. Introduction

Owing to its exceptional mechanical, thermal, electri-
cal, and optical properties, graphene has been con-
sidered as the enabling material in a broad range of
applications, spanning from energy storage devices,
biosensors, and drug delivery to flexible electronics, so-
lar cells, touchscreens and optoelectronic devices [1–9].
Following the continuous improvement of growth meth-
ods, graphene can now be produced on large scales and
transferred on a variety of substrates, inorganic and
polymeric, rigid and flexible [10–13].

One particular application of graphene is its use
as a transparent conducting electrode (TCE) in devices
such as solar cells, displays or wearable electronics, by
leveraging its high optical transparency, electrical con-
ductivity, chemical stability and mechanical strength
[14]. Absorbing only 2.3% of the impinging lightwave
in the visible and near-infrared (NIR) spectrum, single-
layer graphene has been demonstrated, for instance,
as a viable and lower-cost substitute to indium-tin-
oxide (ITO) in VIS/NIR liquid-crystal (LC) modula-
tors [15–17]. More importantly, graphene can provide
TCE solutions in lower-frequency parts of the electro-
magnetic spectrum where ITO is opaque, such as in
the emerging field of terahertz (THz) technology.

In this aspect, various LC-THz phase modulators
[18–20], lenses [21], and metamaterial absorbers [22]
based on graphene electrodes have been demonstrated,
along with treatment techniques to improve the THz
transparency of graphene films without undermining
their electrical conductivity [23]. In addition, the
Drude-like response of graphene’s conductivity in the
lower THz spectrum, combined with the capacity to
tune its key properties via chemical and/or electro-
optical doping [24, 25] has led to the demonstration
of numerous THz devices [26], among which amplitude
modulators [27, 28] and detectors based on graphene
field-effect transistors (GFET) [29].

Apart from the need for transparent electrodes,
THz electro-optic devices rely also on the availability
of low-loss substrates, particularly in the case of
operation in free-space. Among the limited number
of materials that exhibit low absorption losses at THz
frequencies, cyclo-olefin polymers (COP) represent one
of the best solutions as they feature very low losses,
relatively low refractive index, heat resistance up to
160◦C and they can be processed in planar films with
thicknesses available down to 13 µm. Such properties

can be directly exploited for the engineering of,
e.g., low-loss, flexible components, such as polarizers
and transmission filters based on frequency-selective
surfaces patterned on thin films of the commercial COP
Zeonor [30–33] or THz antennas [34, 35]. Only very
recently, graphene has been transferred on TOPAS, a
similar cyclo-olefin co-polymer, using a hot embossing
technique for the fabrication of GFET [36].

In this work, we demonstrate the fabrication and
characterization of large-scale graphene on thin films
of Zeonor, as a platform for transparent, flexible
electrodes that can find applications in THz electro-
optic devices. Graphene was grown by chemical
vapor deposition (CVD) and transferred by the
thermal release tape method on flexible Zeonor films
with thickness of 100 and 188 µm. The samples
were investigated by non-invasive techniques, namely
µRaman spectroscopy, THz time-domain spectroscopy
(THz-TDS) and mid-IR (MIR) spectroscopy (MIRS)
in order to study their structural and electromagnetic
properties, such as THz and MIR transparency, Fermi
level, and carrier relaxation time. It is demonstrated
that the proposed approach can yield flexible electrodes
with transmittance higher than 70% in the entire low-
THz range, with surface conductivity in the order of
1 mS. In addition, the samples showed good uniformity
over the approximately 4 cm2 area of the graphene
layers.

2. Fabrication

Graphene was grown by the CVD method, which
is a preferred approach to grow large-area single-
or few-layer graphene [37–40]. The substrate used
was a Cu foil (Alfa Aesar, 99.8% purity, 25 µm
thickness). The CVD process was carried out in quartz
tube reactor via thermal decomposition of high-purity
methane, in argon and hydrogen flow. The samples
were positioned in a one-zone 5-inch furnace equipped
with a quartz tube. First, the Cu foil was annealed
at 1050◦C for 30 min in H2 atmosphere. Then the
CVD synthesis of graphene was performed in 50 sccm
high-purity hydrogen, 150 sccm Ar, and 5 sccm CH4

at a temperature of 1000◦C for 30 min. Afterwards
the sample was quenched at 60◦C/min in H2/Ar
atmosphere to 300◦C. Cooling to room temperature
was done in high-purity argon atmosphere.

Following the growth process, graphene was
transferred on the targeted Zeonor substrates by using
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Figure 1. (a) Schematic representation of the Gr/Zeonor
samples and the spectroscopic techniques employed for their
investigation. (b) Micrograph of the surface of the sample
Zeo188 (d = 188 µm). Raman mapping was conducted over
the 6 × 6 mm2 area delineated by the red square.

the thermal release tape method. In particular, a
thermally released adhesive tape was glued on the top
of the graphene/Cu sheets. Then, the samples were
immersed in a Fe(NO3)3·9H2O solution to etch away
the Cu foil. The resulting tape/graphene samples
were washed in deionized water and imprinted on
the Zeonor flexible film. Subsequently, the thermal
tape was released by heating the sample at 140◦C.
We opted for the thermal tape method as it ensures
good stability and, contrary to the more standard
poly(methyl-methacrylate) technique, it does not leave
residual layers of polymeric molecules on the graphene
surface, thus avoiding contamination of the samples.
Furthermore, it has been recently demonstrated that
graphene electrodes grown and transferred by the same
techniques on flexible polymeric films, albeit much
less transparent at THz frequencies, can withstand
as many as 1000 bending cycles without undermining
their electrical performance [41].

Figure 1 shows schematically the layout of the
fabricated samples, consisting of large-area graphene
on Zeonor flexible films, and the three spectroscopic
techniques employed for their characterization: a)
µRaman spectroscopy, b) THz-TDS, and c) MIRS.
Two samples were prepared using films of different
thickness, namely d = 100 and 188 µm, hereinafter
termed as Zeo100 and Zeo188, respectively. The
area of the graphene samples on both substrates was
approximately 2 × 2 cm2. Figure 1(b) shows an
optical image of the Zeo188 sample taken under a 10x
microscope objective. The red square defines the area
where µRaman mapping was conducted, as it will be
explained in the following.

3. Characterization and results

3.1. µRaman spectroscopy

As a first step for the characterization of the fabricated
Gr/Zeonor samples, we investigated their Raman
response using a Dispersive Raman Spectrometer
(Thermo Fisher Scientific DXR2xi) with a 532-nm
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Figure 2. (a) Reference Raman spectrum of Zeonor, the
cyclo-olefin polymer used as the flexible substrate. (b) Typical
Raman spectrum of the Gr/Zeonor sample Zeo188 showing the
characteristic 2D and G graphene bands. The dashed green
curves in the insets are Lorentzian fitting of the spectra around
the 2D and G peaks.

excitation laser. The laser beam was focused to a
spotsize of 1 µm by using a 50x objective. The
scattered radiation was collected in reflection mode and
directed to an imaging spectrometer. Gratings with
900 lines/mm were employed to disperse the signal onto
the charge-coupled device (CCD) detector using a 25-
µm pinhole aperture. The exposure time was 0.1 sec
and each spectrum was recorded by averaging over 50
measurements at a laser power of 10 mW.

Initially, the Raman spectrum of the Zeonor
substrate was recorded as a reference, which is shown
in Fig. 2(a). A rich variety of spectral features is
observed, the strongest of which lies in the interval
2800-2950 cm−1 and stems from the characteristic C-H
stretching vibrations (νCH), common in hydrocarbons
but also observed in Raman spectra of the same type
of Zeonor films [42]. More importantly, a series of
closely spaced or overlapping features is evidenced
below 1500 cm−1, attributed to rocking, twisting, and
bending vibrations, the most characteristic being the
CH2 bending (δCH2) and rocking (2ρCH2) modes [43],
which in our measurements peaked at 1446 cm−1.

Next, Raman mapping of the Zeo188 sample was
conducted on the region delineated in Fig. 1(b),
which covers a total area of 6 × 6 mm2. The lateral
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Figure 3. µRaman mapping with lateral resolution ∆x = ∆y =
100 µm of (a) the G peak position and (b) I2D/IG intensity ratio
over the 6 × 6 mm2 area of the sample Zeo188 shown in Fig.
1(b). Statistical distribution of (c) the G peak position and (d)
the I2D/IG intensity ratio values of the 3600 acquired Raman
spectra.

resolution was 100 µm along both axes for a total of
3600 recorded spectra containing information between
50 and 3400 cm−1 at a resolution of 2 cm−1. A
randomly selected Gr/Zeonor spectrum is directly
compared with the reference (bare Zeonor) in Fig.
2(b). The characteristic G and 2D bands of graphene
at approximately 1580 and 2675 cm−1, respectively,
are evident on top of a background signal originating
from the substrate. The insets show zoomed spectra
of the G and 2D peaks along with their fit to
the analytic functions of one and four Lorentzian
oscillators, respectively, which are found to accurately
reproduce the measured spectra [44]. The low shoulder
at ca. 1573 cm−1 was not generally observed among
the recorded spectra and could be attributed to a local
strain or doping effect that leads to some splitting of
the G-band [45,46].

On the contrary, the graphene D band at
approximately 1350 cm−1, which is associated with
defects in the sp2-hybridized carbon lattice, cannot be
discerned in the Gr/Zeonor Raman spectrum. This is
most likely due to the strong background signal of the
substrate, which hinders the safe identification of the
D band, whose intensity is usually a small fraction of
that of the G band. Furthermore, it is remarked that
although the 2D peak is evident, part of its intensity
is a contribution of the substrate signal. This effect
has been taken into account in the calculation of the
results that follow.

The spectra recorded during the Raman mapping
of the Zeo188 sample were post-processed to yield
critical information for the investigation of the

graphene properties, namely the position of the G
band ν̃G and the intensity ratio between the 2D and
G peaks I2D/IG [47]. The corresponding maps and
the statistical distribution of ν̃G and I2D/IG are shown
in Fig. 3. The mean values and standard deviation
were found equal to ν̃G = 1583.95 ± 0.94 cm−1 and
I2D/IG = 1.27 ± 0.16, respectively. Such values are
characteristic of few-layer, predominantly two-layer,
graphene, which is characterized by I2D/IG ∼ 1
and ν̃G = 1584.32 cm−1, according to the empirical
formula ν̃G = 1581.6 + 11/(1 + n1.6), where n is the
number of graphene layers [48]. This finding is further
corroborated by the fact that the 2D asymmetric
lineshape can be accurately fitted with four Lorentzian
contributions [49]. The thickness of a graphene bilayer
film is 0.67 nm [50]. The samples were overall found to
be homogeneous, exhibiting statistical distribution of
their key parameters similar to other Raman mapping
studies reported in the literature [44,47,51,52].

3.2. Terahertz time-domain spectroscopy

The THz response of the samples was investigated
by employing a THz-TDS setup assembled in-house
according to [53, 54]. The spectrometer works
in transmission configuration and it is based on
photoconductive switches generating broadband THz
radiation (0.1-2.5 THz), used both in emission
and detection. Two twin G10620-11 Hamamatsu
photoconductive antennas (PCAs) are pumped by
a mode-locked ultrafast laser (FemtoFiber NIRpro,
Toptica), at 780 nm, with a temporal pulse width of
100 fs, repetition rate of 80 MHz and average output
power 150 mW. After the laser power reduction, a
50:50 beamsplitter splits the main beam into the pump
and probe beams. Dielectric mirrors propagate the
beams towards the emitter and receiver PCAs.

The THz wave produced by the emitter is collected
and collimated by plano-convex polymeric lenses with
focal length of 50 mm. The THz beam passes
through the sample and the transmitted radiation is
recollected, recollimated and refocused on the receiver
PCA. Simultaneously, the probe beam is used to gate
the THz-detector PCA. Two motorized stages are used
in the system configuration. The first one is a delay
line (DDSM100/M, Thorlabs) that allows the sampling
of the temporal waveform of the THz electric field by
varying the optical path between the pump and probe
beams [53]. The second one is a 3-axes motor stage,
that ensures the accurate positioning and movement of
the sample on the THz beam focal spot, thus enabling
the raster imaging of the samples.

The output signal from the THz-detector is
filtered by a lock-in amplifier (Stanford, SR830) and
subsequently acquired and digitalized by a National
Instrument acquisition card (NI 6361-BNC connector)
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Figure 4. (a-b) Time-domain signals measured via THz-TDS
for the samples Zeo100 and Zeo188 along with their reference
signals (air and bare substrate). (c-d) THz transmittance
spectra of the two samples and their reference substrates. The
red dashed lines mark the theoretically computed Fabry-Pérot
transmittance of the two Zeonor films (d = 100 and 188 µm).

before being transferred to a desktop computer.
A routine, developed in LabView environment,
manages the measurement process, switching between
spectroscopic measurements and imaging. Our
optical system provides a spectral bandwidth ranging
from 0.1 to 2.5 THz, with a minimum signal-to-
noise ratio (SNR) and dynamic range (DR) of 500
and 1780, respectively, in the frequency domain
[55] and a spectral resolution of 38 GHz, which
suffices to characterize the broadband response of the
investigated non-resonant samples.

First, measurements were conducted with a
collimated beam with a spot size of 1.2 cm by
employing a circular iris placed before the sample in
THz wave path. Three THz temporal signals for each
sample were collected using 5 scans and a time constant
of 3 ms. Figures 4(a,b) show the recorded time-domain
signals for the reference measurement in free space,
the bare Zeonor substrate, and the Gr/Zeonor samples.
The temporal delay between the air and Zeonor signals
is 189 and 358 fs, respectively for the Zeo100 and
Zeo188 samples. The ratio of the two delay values
matches the thickness ratio of the two samples. No
late-time echos of multiple reflections are observed
due to (i) the substrate thickness being smaller or
comparable to the wavelength and (ii) the relatively
low Zeonor refractive index, which is ñs = 1.525 +
i0.001 in the considered THz spectral range [56, 57].
Contrarily, late-time echos are observed in the more
conventional case involving standard high-resistivity

silicon wafers as substrates for THz measurements in
transmittance mode [58].

The corresponding power transmittance spectra
are calculated by the fast-Fourier transform (FFT)
of the electric-field time domain signals and they are
presented in Fig. 4(c,d). The transmittance of the
bare Zeonor substrates is very well reproduced by
the theoretical Fabry-Pérot (FP) transmittance of the
dielectric Zeonor films with a refractive index ñs and
thickness d = 100 and 188 µm for the two samples,
showing in both cases minimal absorption losses. The
average transmittance of both Gr/Zeonor samples
in the investigated spectral window 0.1 − 2 THz is
approximately 75%. Although weaker than those of the
Zeonor substrates, their transmittance spectra exhibit
similar FP oscillations. Thus, selecting the Zeonor film
thickness such that it provides a FP resonance at a
given operation frequency provides a simple means to
maximize the THz electrode transmittance.

In order to estimate the frequency-dependent sur-
face conductivity of the graphene samples, we compare
the TDS transmittance spectra with analytical expres-
sions. In particular, the complex field transmission co-
efficient t̃ through a graphene layer on a dielectric sub-
strate of thickness d and refractive index ñs, for normal
incidence, can be calculated as follows [58]

t̃ =
t̃sat̃tfe

−iδ̃

1− r̃sar̃tfe−i2δ̃
, (1)

where δ̃ = ñsk0d and k0 = 2π/λ is the free-space
wavenumber at wavelength λ. The coefficients t̃tf and
t̃sa are given by

t̃tf =
2

ñs + 1 + Z0σ̃g
, rtf =

ñs − 1− Z0σ̃g

1 + ñs + Z0σ̃g
, (2)

Z0 being the free-space characteristic impedance (Z0 '
377 Ω), t̃sa = 2ñs/(ñs + 1) and r̃sa = (ñs − 1)/(ñs +
1) are the Fresnel coefficients at the substrate/air
interface, and σ̃g = σ̃g(ω) is graphene’s frequency-
dependent surface conductivity, which is quantitatively
equivalent to its surface conductance, i.e., the inverse
of its sheet resistance. The power transmittance is

T =
∣∣t̃∣∣2.
It is established that in the low THz spectrum

graphene’s surface conductivity can be expressed
assuming the free-electron Drude model for intraband
transitions, thus neglecting the interband term which
predominates in the VIS/IR spectrum [59]. In this
scenario, σ̃g(ω) is described by

σ̃g(ω) =
σg0

1− iωτ
, (3)

where σg0 is graphene’s DC surface conductivity and
τ is the carrier scattering time. The DC surface
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conductivity is given by

σg0 =
e2EFτ

π~2

ln[2 cosh(χ)]

χ
, (4)

where e is the electron charge, EF the Fermi level, ~
the reduced Planck’s constant, χ = EF/(2kBT ), kB

is the Boltzmann’s constant and T the temperature.
The Fermi level, or chemical potential, reflects the
chemical doping of the graphene samples. It is
common that some intrinsic doping takes place in
CVD-grown graphene, e.g. due to temperature or gas
flow fluctuations during growth. The residual carrier
density of the final sample can be further influenced
by factors such as doping by gas or water trapped
on the surface between graphene and the substrate,
polymer residues from the transfer, in this case the
thermal release tape, or in general other sources of
impurity [60]. The free parameters for the fitting of
the transmittance spectra are EF and τ .

Following such approach, it was observed that
the measured transmittance spectra could not be
accurately fitted to the theoretical ones assuming the
Drude model of Eq. (3). Specifically, the increasing
values of the measured transmittance in the low-
frequency side of the investigated spectrum imply a
reduction of the real part of σg(ω), which cannot be
accounted for by the Drude model. In such cases,
extensions of Drude theory have been widely employed,
such as generalized Drude functions [61] or the so-
called Drude-Smith (DS) model [44]. The latter has
been demonstrated as an efficient phenomenological
model for the description of thin conducting films
[62,63], including the case of graphene [44,60,64].

In particular, the DS model provides a natural
extension to the Drude model that takes into account
the preferential carrier backscattering in the presence
of defects or inhomogeneities, such as wrinkles, tears
or buckles in the graphene film [44]. These can
originate from the growth, for instance the use of
polycrystalline Cu foils in CVD, transfer and the non-
perfect smoothness or purity of the substrate and
they can lead to carrier backscattering at domain
boundaries or point-like impurities [60]. In its single-
term extension, the DS model is expressed via

σ̃g(ω) =
σg0

1− iωτ

(
1 +

c1
1− iωτ

)
, (5)

where c1 is the characteristic DS parameter varying in
the interval −1 ≤ c1 ≤ 0, where c1 = 0 expresses the
pure Drude response (no backscattering) and c1 = −1
accounts for full momentum reversal and complete
backscattering of carriers. According to Eq. (5),
the DC surface conductivity of the DS model equals
σDS

g0 = σg0(1 + c1) ≤ σg0.
The experimentally measured spectra were fitted

to the analytical expression of Eq. (1) assuming the DS
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Figure 5. (a) Measured vs. fitted transmittance of the
graphene samples Zeo100 and Zeo188. (b) Fitted graphene
surface conductivity considering the Drude-Smith model.

model for σg(ω) and using a Nelder-Mead non-linear
optimization technique with free parameters EF, τ , and
c1. The optimization algorithm was implemented by
the fminsearch function of MatlabTM. The objective
function to be minimized was defined as

F =

N∑
i=1

∣∣∣∣Tm,i − Tc,iTm,i

∣∣∣∣ , (6)

where the subscripts m and c refer to the THz-TDS
measured transmittance and those calculated via the
analytical solution of Eq. 1 at each iteration step of
the optimization process. The sum ran in the 0.1-
2 THz window at the spectral resolution of the THz-
TDS measurements (∆f = 38 GHz).

The fitted parameters were found equal to EF =
0.18 eV, τ = 82.5 fs, c1 = −0.65 (sample Zeo100)
and EF = 0.26 eV, τ = 59.58 fs, c1 = −0.66 (sample
Zeo188), corresponding to DC surface conductivity of
σDS

g0 = 0.617 and 0.632 mS, respectively. Thus, the
resulting DC sheet resistance for both samples is in the
order of 1.6 kΩ/sq. Similar values have been reported
in the literature [24,47,58,64–66].

Figure 5(a) shows the TDS transmittance spectra
compared to the analytic solutions for the fitted
DS model for graphene’s surface conductivity. It is
observed that the spectra resulting from the fitting
procedure reproduce the measured values and, most
importantly, follow the increase in transmittance at low
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frequencies. This can be explained by considering the
surface conductivity σ̃g(ω) resulting by the DS model,
as shown in Fig. 5(b). The real part of the surface
conductivity peaks at a non-zero frequency (contrary
to the Drude model) and progressively drops towards
the value σDS

g0 in the DC limit.
Next, in order to evaluate the samples’ THz trans-

mittance at discrete points across the graphene sam-
ples, we performed TDS mapping as a function of po-
sition using focused THz beam. TDS mapping has
been demonstrated as an efficient and widely employed
tool for the non-invasive spatial characterization of the
properties of graphene films, which can be naturally
combined with other non-invasive spectroscopic tech-
niques [47, 51, 52, 58, 66–68]. The map covered an area
of 1.2×1.2 cm2 by a pixel-by-pixel raster scanning em-
ploying a pixel size of 2 mm. The THz electric field at
each pixel was acquired with a dwell time of 90 s.

Figure 6 shows the relative transmittance of the
two Gr/Zeonor samples, i.e., normalized to that of the
Zeonor substrate, averaged in the interval 0.3−1 THz.
Two maps taken with a pixel size of 1 mm on a
1.9× 0.5 cm2 stripe are also shown. They contain the
border between graphene and the bare substrate, which
is clearly identified. The local graphene properties were
calculated following the same fitting procedure as in
the case of the TDS results for the collimated THz
beam. The average values and standard deviations
for the two samples are EF = 0.2 ± 0.03 eV, τ =
80.4±16.4 fs, c1 = −0.61±0.06, σDS

g0 = 0.72±0.12 mS
(Zeo100) and EF = 0.23 ± 0.07 eV, τ = 63.38 ± 9 fs,
c1 = −0.61±0.07, σDS

g0 = 0.61±0.11 mS (Zeo188). The
average values are consistent with the fitted parameters
reported for the spectra measured with the collimated
THz beam.
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Figure 7. Mapping of the fitted Fermi level and DC
conductivity for the samples Zeo100 and Zeo188 corresponding
to the measurements of Fig. 6.

Figure 7 shows the corresponding spatial variation
of the fitted Fermi level and DC surface conductivity.
The sample Zeo100 shows slightly higher DC surface
conductivity in its central region than the remaining
part of the sample, which leads to somewhat reduced
transmittance, as shown in Fig. 6. The observed
degree of spatial inhomogeneity is attributed to
variations in doping level and/or carrier mobility
during the growth and transfer of the graphene films
[51]. Overall, both samples show high transmittance
over the entire surface.

3.3. Mid-infrared spectroscopy

Aiming to probe further into the properties of the in-
vestigated graphene samples, a MIRS characterization
of the sample Zeo188 was conducted, using a Vector
22 Bruker interferometer equipped with a Globar in-
frared source and broadband MCT detector and cou-
pled to Hyperion 1000 infrared microscope with 15x
infrared objective. The measurements were performed
in transmission mode and they cover the spectral re-
gion from 400 to 6000 cm−1 (12 to 180 THz). Three
spectra for each sample were collected using 128 scans
with a spectral resolution of 2 cm−1.

The transmitted signal through air, the bare
Zeonor substrate and the Zeo188 sample was recorded.
Initially, the transmittance of the Zeonor substrate was
calculated with respect to free-space propagation in
air, plotted in Fig. 8(a). The sample revealed a rich
spectrum with numerous absorption lines, particularly
below 1500 cm−1, and a broad absorption band around
3000 cm−1, which is a characteristic mid-IR fingerprint
of cyclo-olefin polymers [69]. The latter was also
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Figure 8. (a) MIR transmittance of the bare Zeonor substrate
(d = 188 µm). (b) Theoretically calculated and measured by
MIR relative transmittance of the Zeo188 sample.

observed in the µRaman measurements on the same
sample, as in Fig. 2(a).

In order to calculate the theoretical relative
transmittance of the graphene sample in the MIR,
one needs to account for the contribution of interband
transitions to graphene’s surface conductivity, which
becomes dominant at energy levels ~ω ≥ 2EF . The
total surface conductivity is thus given by the sum of
the two terms

σ̃g(ω) = σ̃g,intra(ω) + σ̃g,inter(ω) (7)

where the intraband term is given by Eq. (5) whereas
the interband one is calculated as

σ̃g,inter(ω) =
e2

4~

[
1

2
+

1

π
arctan

(
~ω − 2EF

2kBT

)

− i

2π
ln

(~ω + 2EF )
2

(~ω − 2EF )
2

+ (2kBT )2

]
.

(8)

The expression for σ̃g,inter(ω) takes into account the
effect of the non-zero temperature and it is valid as long
as the kBT << EF , which is the case for the Fermi level
levels resulting from the THz-TDS characterization
and T = 300◦K (25.85 meV) [59].

Figure 8(b) shows the theoretical relative trans-
mittance (suppressing the residual substrate-induced
FP effect), which was calculated for EF = 0.23 eV,
τ = 63.38 fs and c1 = −0.61, namely the mean
property values of the distributions for Zeo188 re-
sulting from the THz-TDS imaging. The transmit-

tance reaches a maximum close to 100% in the high-
frequency end where the intraband term dominates,
namely for ~ω < 2EF , which is characteristic of a
Drude-like response. Then, the transmittance drops
progressively towards a steady-state value dictated by
the interband term. The smooth transition in-between
stems from the temperature effect and its midpoint is
at ~ω = 2EF = 0.46 eV. To compare with, at T = 0◦K
this transition would take place in a discontinuous fash-
ion at 2EF and the interband term of Eq. (7) would be
described by a corresponding Heaviside step function.

The measured spectrum, namely the black line
in Fig. 8(b), shows certain features stemming from
air and/or substrate MIR absorption bands, which
were not fully compensated during normalization. In
particular, the features around 1500 and 3000 cm−1

originate from the Zeonor substrate, as evidenced in
the reference signal of the bare substrate in Fig. 8(a).
Moreover, the bands close to 2200-2300 and 3200-3500
cm−1 are related to residual signals of the atmospheric
CO2 and H2O.

What is important, however, is that the measured
transmittance spectrum shows the same trends, which
are clearly evident in the dashed line that fits the
MIRS spectrum. The transition zone manifests at
energies similar to those of the theoretical spectrum,
corroborating the Fermi energy levels calculated based
on the THz-TDS characterization. The slope of the
transition zone is less steep for the measured spectrum,
which can be attributed to the distribution of the local
Fermi energy level of the sample. The observed small
shift (ca. 1%) of the measured relative transmittance
is attributed to slight errors during normalization of
the graphene sample over the transmittance of the
lossy Zeonor substrate. Overall, the MIRS analysis
provides further information on the Fermi level of the
investigated graphene samples, which is consistent with
the THz-TDS results.

4. Discussion

The performance of transparent conductive electrodes
is at large dictated by the trade-off between the achiev-
able sheet conductance and electrode transparency
[70]. For devices working in the NIR/VIS, traditional
solutions such as ITO or less expensive materials such
as Al-doped ZnO (AZO) [71] or metallic nanogrids
[72] can routinely provide sheet resistance values below
100 Ω/sq with transmittance higher than 90%. This
is generally feasible, since the NIR/VIS operating fre-
quency can be much higher than the plasma frequency
that corresponds to the carrier doping level, which is
necessary to increase the sheet conductance to the de-
sired level.

On the contrary, the low-THz spectrum lies in
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the metallic regime of the Drude response of highly
conducting materials. For instance, ITO/AZO films,
which are transparent in the NIR/VIS, are opaque
at THz frequencies. In the same respect, low-THz
frequencies are typically below the Drude roll-off
frequency fro = (2πτ)−1. This implies that the sheet
conductance Gsq at the operating frequency is similar
to its DC value, thus limiting the film transparency.
According to Eqs. (1) and (2), the transmittance of a
conducting sheet suspended in air is given by

T =
4

(2 + Z0Gsq)2
. (9)

This translates to a transmittance of 12%, 27%, and
70% for a sheet conductance of 10, 5, and 1 mS/sq,
respectively. Hence, fundamental limitations on the
achievable transparency of TCE are much stricter at
THz than in the NIR/VIS spectrum.

That said, the main solutions for THz-TCE
films proposed thus far are graphene [18, 67] and
transparent conducting polymers, mostly PEDOT:PSS
[63,73]. They can be applied on both rigid and flexible
substrates without compromising their performance,
which makes them suitable for applications such as
flexible electronics or sensors [11, 74]. PEDOT:PSS
can easily cover large surfaces via spin-coating,
although recent developments in the growth of large-
area graphene close this gap. On the other hand,
graphene shows superior mechanical strength, very
high thermal conductivity and, most important,
potentially extremely high mobility [75]. The latter
increases its surface conductivity at a given doping
level and its relaxation time, thus alleviating the
constrains on its Drude-like response in the THz
regime, as discussed above. Furthermore, graphene’s
surface conductivity can be electrically tuned by
modulating its chemical potential, which opens the
possibility for tunable devices.

Other THz-TCE candidates include processed
films of a highly conducting material, such as ITO
nanowhiskers [76], Ag nanowires [77], or porous
graphene [23]. The conductance of such non-
continuous films can stay high by virtue of the
percolation effect, while their reduced filling factor
increases their THz transparency. On the negative
side, their fabrication involves extra steps, which can
be tedious such as growth of nano/microparticles.
Table 1 summarizes the key properties of indicative
cases of THz-TCE investigated in the literature.

In this work, we provide a THz-TCE solution
that combines a series of favorable traits. The
thin cyclo-olefin substrates show both flexibility and
minimal THz absorption losses. Moreover, by properly
selecting their thickness according to the condition
d = mλ/2<{ñs}, where m is a positive integer,

Table 1. Properties of transparent conducting electrodes for
terahertz applications.

Type (TCE/substrate) Gsq [mS] T 1 c.f.2 Ref.

Graphene/Zeonor 0.6 75% yes this work
Graphene/Si 1.6 64%3 yes [67]
Graphene/SiO2 4.5 55% yes [18]
PEDOT:PSS/SiO2 5.7 20% yes [73]
PEDOT:PSS/Zeonor 4.1 40% yes [63]
Porous graphene/SiO2 1.1 98%3 no [23]
ITO nanowhiskers:Si 10.8 70%3 no [76]
Ag nanowires:SiO2 1 15%3 no [77]

1 Transmittance at 1 THz
2 Continuous film
3 Transmittance normalized to that of the bare substrate

the TCE transmittance can be maximized at the
resulting resonant FP frequencies. In the samples
here investigated, this condition leads to resonance at
0.983 and 1.045 THz for Zeo100 (m = 1) and Zeo188
(m = 2), respectively, as observed in Fig. 4(c,d). The
transmittance of the investigated flexible THz-TCE is
high, approximately 75% at 1 THz. Should a lower
transmittance level be tolerated, the sheet conductance
can be further boosted by increasing the number of
graphene layers. Finally, the continuous graphene
film provides the option for electrically biasing its
properties, which can be fundamental in THz electro-
optic tunable applications.

5. Conclusions

In short, we have demonstrated an approach for the
fabrication of THz transparent graphene electrodes on
thin low-loss polymeric substrates. Few-layer graphene
was grown by CVD and transferred on flexible films
of the COP Zeonor. The local graphene properties
were scanned via µRaman spectroscopy, while the
electromagnetic properties of the samples in the low-
THz and MIR spectrum were mapped using THz-TDS
and MIRS, respectively. Both high transmittance and
conductivity were measured over cm2 scales, revealing
good uniformity. These graphene electrodes show great
potential for future flexible THz electro-optic devices.
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