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We determined the electrical sheet conductivity of silver nanowire-graphene hybrid films from
transmission and reflection terahertz time-domain spectroscopy measurements. The sheet resistance
extracted from noncontact terahertz measurement is in good agreement with one measured with a
classical 4-point-probe technique. The conductivity is well described by a Drude-Smith model and

is calculated to peak around 10 THz. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4889091]

Because of their unique electrical, optical, and mechani-
cal properties,'* carbon nanotubes and graphene (GRP) have
been introduced in numerous electronic devices, such as
field-effect transistors,” super-capacitors* or as conductive
flexible adhesives.® Silver nanowires (AgNWs) are flexible
materials with excellent electrical conductivity.®® Recently,
new AgNW-GRP transparent conducting hybrid films have
been intensively investigated in view of the developing of
DNA sensor,9 biological,10 and optoelectronic devices.!!

A comprehensive knowledge of the electrical conduction
in GRP and AgNW-GRP hybrid films, as well as a precise
measurement of their optical and electrical parameters, is
compulsory for designing optimized electronic components.
Commonly, contact devices are employed to characterize the
electrical response of such films.'>'4 However, the contact-
ing issue may damage the fragile thin films and thus may pre-
vent a multiple measurement procedure and/or a subsequent
use of the tested devices. Therefore, a non-contact and
non-destructive technique are needed in practice.'> Among
modern techniques, terahertz time-domain spectroscopy
(THz-TDS) is known for years to be a precise tool for non-
contact characterization of samples like semiconductor
wafers,16 paint films,!” art and historical pieces,18 biological
tissues,19 etc.

We have recently characterized the electrical conductiv-
ity of GRP using THz-TDS transmission technique.”® In the
present paper, we use this broadband technique to determine
the complex conductivity of AgNW-GRP films deposited
over a quartz substrate without damaging the samples. This
conductivity is extracted from transmission and reflection
THz-TDS data, which allows us to minimize possible errors
due to a variation of the substrate thickness between different
samples. The experimental conductivity needs to be described
by the Drude model as modified by Smith (DS model). This
means that free charges in the AgNW-GRP films encounter a
pronounced scattering against the film defects.
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GRP was grown on a raw copper foil (Nilaco, 99.96%,
and 100—um thick) using chemical vapor deposition (CVD)
with CH4 and H, flow at 1000°C. A typical GRP synthesis
procedure using CVD is provided elsewhere.”' The synthe-
sized GRP films were then transferred onto fused quartz sub-
strates (20 x 20 mm?, thickness 0.54 mm) following the wet
transfer method published previously.*'** First, polymethyl
methacrylate (PMMA, from Sigma-Aldrich (46 mg/ml)) dis-
solved in chlorobenzene was spin-coated on the GRP/Cu sub-
strate followed by drying at room temperature. The GRP
grown on the back side of the Cu substrate was removed by
oxygen plasma. The Cu substrate was then etched by using Cu
etchant (Transgene, CE-100) for 1 h. The PMMA/GRP was
washed by using deionized (DI) water for 1 h followed by
0.5 M hydrogen chloride treatment to remove iron nanoparticle
residues. The PMMA/GRP film was rinsed with DI water for
2 h. Finally, the PMMA/GRP was transferred onto the fused
quartz substrate, and PMMA was removed using acetone for
Smin. For AgNW-GRP hybrid films, AgNWs dispersed in
ethanol (Nanopyxis, 1.23 mg/ml) were spin-coated onto the
fused quartz substrate at 1000 rpm for 60s followed by a 6-h
drying at room temperature. The average length and diameter
of AgNWs were 25 um and 35 nm, respectively. Finally, the
CVD-synthesized GRP was transferred on top of spin-coated
AgNWs using the same wet transfer method. The dc electrical
resistance was measured by a classical 4-point-probe tech-
nique.24 The measurement was carried out 1500 times, and the
average value was used for analysis. The thickness d of the
AgNW-GRP hybrid films was measured by atomic force mi-
croscopy (AFM), and the average value was used to calculate
the conductivity [Fig. 1(a)]. Two samples were characterized
during this work AgNW-GRP (I) (d=59nm) and AgNW-
GRP (II) (d=38nm). Fig. 1(b) shows the scanning electron
microscope (SEM) image and energy dispersive X-ray (EDX)
analysis of AgNW-GRP (I). The strong silicon and oxygen
peaks came from the quartz substrate. Both carbon and silver
peaks could be observed where AgNWs were on GRP
(Spectrum 2) whereas only a carbon peak was present on the
GRP surface without AgNW (Spectrum 1).

© 2014 AIP Publishing LLC
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We have previously described 2> our classical home-
made non-contact transmission and reflection THz-TDS
setup. The samples are located at the waist of the THz beam.
At any frequency of the available THz signal, the Rayleigh
length of the beam is much larger than the bare or covered
substrate. Therefore, the sample can be considered as illumi-
nated at normal incidence by a plane wave. To execute a
transmission THz differential analysis, three measurements
have been performed for each film: one without the sample
E ;. one with a bare substrate Eg 7, and finally one Er 7 with
the substrate covered with GRP or AgNW-GRP hybrid film
[Fig. 2(c)]. Each measurement was repeated several times, in
order to check the reproducibility of the measurement and to
reduce the experimental noise in the temporal time-domain

signal [Fig. 2(a)]. The THz spectrum of the waveform meas-
ured is obtained through a numerical Fast Fourier transform.
To simplify the extraction of the composite parameters, an
appropriate time-windowing of the substrate and sample
waveforms have been done, which rejects the echoes result-
ing from rebounds in the substrate.?® The complex transmis-
sion of sample (film/substrate), whose amplitude and phase
are, respectively, p7 and @7, writes
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hybrid film. Z, is the vacuum (surrounding medium) imped-
ance, 6y = 0, + jo; is the complex sheet conductivity of the
film. n, is the refractive index of the substrate and is equal to
1.94 over the whole THz range of interest, as determined
from E,; and Eg7. The power absorption of the substrate
increases continuously with frequency to reach 8 cm™' at 2
THz,?" therefore the corresponding extinction, i.e., the imag-
inary part of the refractive index, remains very small (0.01 at
2 THz) [inset of Fig. 2(b)]. The real and imaginary parts of
sheet conductivity can be easily obtained from (1)

6, = LE M (COSPr ) 2
Z pr
1+ 1y si
g = M SNy 3)
Zy  pr

Nevertheless, there might be a large uncertainty in this
determination of ¢y because the substrates of the reference
sample and the film-covered sample are different, and even
if they are close, their thicknesses could show a difference
much bigger than the nanometric film thickness.”® To over-
come this issue, we have also measured the phase ¢r and
amplitude py of the THz beam reflected by the samples using
the THz-TDS setup in a reflection scheme at a normal inci-
dence. We first measured the signal reflected Err by the
covered side of the sample and then, we put the sample up-
side-down, and we recorded the signal reflected Esr by the
bare side of the sample. In both cases, only the first reflected
pulse by the film is saved. The ratio of the spectra of both
signals is

1 -7
0l—nY

ay
1 + ng

R = Or e IR = E—F’R ~
Esr

C))
1-2Z

As in the transmission case, the film conductivity is
deduced from the measured coefficient (4)

5 — L1+ n = 2npgeos op — (1 —ns>pR27 )
Zo 1+n¥+2 CcoS +1—n 2
1—n PR COS Pp 1+nﬂ
2 sin
6; = e T PR DR — ) 6)
0 A—Q—Zp COS P + —— pp>
1—n R Ry PR

The main issue of reflection THz-TDS is associated with
the error caused by an even weak misalignment of sample,
i.e., position shift as compared to the reference mirror and/or
angle of incidence not exactly equal to 0°. These uncertain-
ties will affect the achieved optical properties of the films
(refractive index and absorption) and consequently their
electrical conductivity. To minimize these misalignment
errors, the measurement was repeated several times and both
mirror and samples were removed and replaced in the setup
prior to each measurement. Then, we used in the calculation
the average amplitude and phase of all these recorded THz
waveforms.

Fig. 2(b) shows the transmission of the samples. Both
GRP (~ 90%) and AgNW-GRP hybrid (~76%) films show

Appl. Phys. Lett. 105, 011101 (2014)

an almost constant transmission value up to 1.5 THz. For
higher frequencies, there are some fluctuations due to the
insufficient THz power. From these data, the conductivity of
the films is determined using relation (2). It is important to
note that, in the THz range, absorption through intraband
transitions dominates the one related to interband transi-
tions,” and thus intraband absorption influences mainly the
THz conductivity. From now on, in this study, we consider
only the contribution of intraband transitions to the conduc-
tivity of GRP. For such a free carrier population, the Drude
model is typically employed for fitting the THz conductivity.
However, here the Drude model modified by Smith,zo’30
which permits a better fit of the experimental THz conductiv-
ity of both GRP and AgNW-GRP hybrid films. In the DS
model, the non-random scattering of the free carriers is taken
into account and the expression of the complex surface con-
ductivity ¢ writes

~ 6']‘ Odc - Cm
G=U_ Ok (1L Ny _Gm ) 7
d 1—iot < ;(lfian) ) @

where d is the thickness of the film. The coefficient c,, is the
fraction of the electron original velocity that is retained after
the m™ collision. If ¢,, =0, the carrier momentum is totally
randomized (classical model by Drude). If ¢,, = —1, the free
carrier is completely backscattered.’' Fig. 3 presents the ex-
perimental surface conductivity ¢ of GRP monolayer depos-
ited on a quartz substrate determined from transmission
THz-TDS. The conductivity obtained from reflection meas-
urements is also plotted on Fig. 3. Even if noisier as expected
because of the weaker sensitivity of extraction from reflec-
tion THz-TDS data, the surface conductivities obtained from
both transmission and reflection records are in good agree-
ment, validating the values we obtained in transmission and
thus the right substrate thickness value we input in the calcu-
lation. The experimental data are well fitted with the DS
model, in which ¢,, =0, i.e., the conductivity behaves as a
Drude-like one. As the corresponding plasma frequency
(f, =583 THz) lies in the visible range, both real and imagi-
nary parts of the THz sheet conductivity of GPR are almost
constant (Fig. 3).
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FIG. 3. Real and imaginary parts of the sheet conductivity of GRP films ver-
sus frequency as determined from THz-TDS measurement (dotted and
dashed lines) and fitting curves (continuous lines).
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Conductivity in the AgNW-GRP is more complex than
in GRP. It is strongly dependent on polarization and on the
different orientations of the nanowires inside the films.** The
THz conductivity is dominated by the contribution of the
micro-structured nanowires oriented along the THz electrical
field. Indeed, the lengths of the wires are comparable to the
THz wavelength and thus the wires can be resonantly excited
by the incoming THz field. On the other hand, due to their
nanometer-scale diameter, the wires are insensitive to a THz
E-field perpendicular to them. Figs. 4(a) and 4(c) depict the
real part of conductivity as functions of frequency and thick-
ness of thin films. Let us notice that the thickness of the film
is not constant and exhibits peaks at given locations, due to
the nanowires. Thus, Figs. 4(a) and 4(c) are plotted versus
the average value of the film thickness. These experimental
plots show a capacitive behavior due to electron scattering
effects in the junctions of AgNW networks. The complex
sheet conductivity of the films, deduced from Figs. 4(a) and
4(c), is given in Figs. 4(b) and 4(d). As the imaginary part of
THz sheet conductivity decreases while increasing fre-
quency, the conductivity model cannot be explained by a
simple Drude response, but it is well fitted by the DS model
(relation 7). Table I gives the parameters of the fits (plasma
frequency f,, scattering time t and c,, coefficient) for GRP
and two AgNW-GRP hybrid films. The scattering time 7 is
comparable to the one of noble metals and the plasma fre-
quency is much higher than the exciting THz frequency. In
the thinner film (AgNW-GRP (I), the scattering time is
slightly shorter than in the thicker AgNW-GRP (II), resulting
in a larger sheet resistance: this could be due to a difference
of filling fractions of AgNWs or/and to the contribution of
scattering at the film surfaces. c¢; is close to —1 in AgNW-
GRP, which means that most of the electrons are backscat-
tered during a collision. These collisions certainly occur at

the surface of the nanowires as the carrier mean-free path is
of the order of the nanowires diameter.® The quite small
sheet conductivity in these films, as compared to GRP, is due
to a smaller charge carrier density in AgNW-GRP.

To validate our results, the sheet resistance p (=1/dao )
of the hybrid films was measured with a classical 4-point-
probe technique, using a Keithley 6221 current source and a
Keithley 2182 A nanovoltmeter. Even though the 4-point
probe technique is always difficult to implement when deal-
ing with thin films (the probes may mechanically damage the
film at the contact location), the measured p (column 5 of
Table 1) is very close to the average values deduced from
THz-TDS conductivity models (column 6 of Table I).

The small differences in the values of p given in Table I
may originate in not-optimized contacts during the 4-probe
measurements, but also from uncertainties in the THz-TDS
study, mostly due to a bad knowledge of the thickness of the
different layers. As our conductivity DS model is validated by
comparison with experimental data in the THz range, we have
computed the optical sheet conductivity of the AgNW-GRP
hybrid films up to the UV domain, i.e., from 0.1 to 10° THz.
A clear maximum of conductivity appears in between 9 and
11 THz (Fig. 5). It originates in the resonant behavior of the

TABLE 1. THz fitting parameters used in the DS model (f,: plasma fre-
quency, t: scattering time, p: sheet resistance). The sheet resistance meas-
ured using 4-point probe contact method is also provided for comparison.

4-probe p DS Model p

Sample f» (THz) 1 (fs) c (Q/O) (©/0O)
GRP 583 26 0 (Drude) 1055 944
AgNW-GRP (I) 232 16 —0.92 56 56
AgNW -GRP (II) 294 14 —0.87 75 65
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FIG. 5. Sheet conductivity of GRP and AgNW-GRP hybrid films versus fre-
quency calculated using the Drude and Drude Smith models. The sheet con-
ductivity is normalized by the fine-structure constant (we?/2h). Inset shows
the calculated THz transmission of the samples as a function of the normal-
ized sheet conductivity.

Drude and DS models, through the term (1 — iwt). The peak
conductivity is about 20 times larger than for GRP at 10 THz.
Even around 1 THz, i.e., in the non-resonant regime, the sheet
conductivity of the AgNW-GRP films (60-70 Q/[J) is com-
parable with the one of indium tin oxide (ITO, ~80 Q/[),
making these films a good flexible conductive material for
replacing indium tin oxide in many electronic applications.

In conclusion, the electrical properties of the GRP and
AgNW-GRP hybrid films were characterized from non-
contact transmission and reflection THz-TDS data. The
measured electrical conductivity is well described by the DS
model, in which a large fraction of free electrons encounter
backward scattering during collisions. The hybrid structure
including GRP and AgNW layers reduces the overall sheet
resistance as compared to single pristine GRP films.
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