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ABSTRACT 
The magnitude of the optical sheet conductance of single-layer graphene is universal, and equal to e2/4Æ (where 
2ʌÆ = h (the Planck constant)). As the optical frequency decreases, the conductivity decreases. However, at some 
frequency in the THz range, the conductivity increases again, eventually reaching the DC value, where the 
magnitude of the DC sheet conductance generally displays a sample- and doping-dependent value between 
~e2/h and 100 e2/h. Thus, the THz range is predicted to be a non-trivial region of the spectrum for electron 
transport in graphene, and may have interesting technological applications. In this paper, we present the first 
frequency domain measurements of the absolute value of multilayer graphene (MLG) and single-layer graphene 
(SLG) sheet conductivity and transparency from DC to 1 THz, and establish a firm foundation for future THz 
applications of graphene. 
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1. Introduction 

Two of the most fundamental and defining properties 
of graphene are (1) the universal conductivity (e2/4Æ) 
[1] at optical frequencies, and (2) the high sheet 
carrier density and mobility at DC (giving increased 
conductivities up to 100 times larger than the optical 
conductivities). However, in the spectral region in 
between the transition has not yet been mapped out. 
Starting from the optical and going down, as the 
frequency is lowered below the Fermi energy (over h), 
electron–hole pair generation (inter-band) absorption 
ceases, and the system becomes insulating (i.e. the 

conductivity goes to zero). As the frequency is lowered 
even further, the conductivity eventually rises again, 
approaching the DC value of up to 100 times its optical 
value. However, to date this transition has not been 
mapped out experimentally down to the technologically-  
important radiofrequency (RF) region (İ1 THz). 

Several groups have studied single-layer graphene 
using Fourier transform infrared spectroscopy (FTIR) 
techniques to map the transition from the visible 
down, demonstrating the drop in the optical 
conductivity as the frequency drops below the Fermi 
energy [2]. As the frequency goes lower, even the 
very first measurements of this effect [2] observed   
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a slight rise in the conductivity, measured down    
to 20 THz, attributed to the intraband or “Drude” 
scattering. Subsequent experiments from many groups 
have observed this using FTIR down to 1 THz [3–5], 
and inferred a Drude scattering time of 300 fs (1/ɫ) 
for samples with mobility of ~1000–3000 cm2/(Vȉs). 
With this value of the scattering time, the graphene 
sheet conductivity is predicted to vary by a factor   
of almost an order of magnitude between DC     
and 1 THz, but because of the difficulty in scaling 
down FTIR techniques below 1 THz, this was not 
measurable. In addition, most of the far-IR work    
to date has only measured the relative change in 
transparency/reflectivity/conductivity, and not the 
absolute value, which is more difficult to ascertain. A 
complementary time-domain (sub-ps pulse) technique 
has demonstrated sheet conductivity of single-layer 
graphene of up to 30 e2/4Æ from 0.5–2 THz at room 
temperature [6], and low temperatures [7]. These 
time-domain techniques provide lower spectral 
resolution than the continuous wave (CW) frequency- 
domain techniques presented here, but in principle  
yield the same physical information. 

Researchers have also investigated the sheet 
conductance of multilayer graphene (MLG) as a 
function of frequency. Although different in principle, 
interactions between the layers (at visible and IR 
frequencies) have been shown to have only minimal 
impact on the overall sheet conductance, which behaves 
essentially as N times that of an individual layer 
(N = number of layers) [8]. However, subsequent 
detailed studies have shown some resonance behavior 
in the IR sheet conductivity due to interlayer 
interactions [9]. The THz-to-IR frequency dependence 
of few and multilayer graphene on SiC was shown  
to have the predicted Drude behavior down to 
1.5 THz with a scattering time of 40 fs [10], and down 
to 600 GHz with a scattering time of 10 fs and sheet 
conductance up to 20 e2/4Æ [11]. Kim and co-workers 
at Sungkyunkwan University (SKKU) in Korea used 
FTIR down to 1 THz [12] where a Drude scattering 
time of ~300 fs was found, surprisingly independent 
of the DC mobility, which varied by over an order of  
magnitude (from 1000 to 10000 cm2/(Vȉs)). 

Coming up from DC, some groups have used micro- 
wave (waveguide) techniques. A 13 GHz dielectric 

resonance oscillator (DRO) measurement (spot 
frequency) of multilayer graphene on SiC was made 
by Krupka, but the per layer conductance was not 
determined [13, 14]. An on-chip coplanar waveguide 
measurement technique was recently employed to 
study single-layer graphene (SLG) up to 110 GHz 
[15]. Scanned probe microwave microscopy of single 
and multilayer graphene has been used to image 
electrical properties at GHz frequencies, although 
determination of the absolute sheet conductivity is  
difficult with this technique [16, 17]. 

While the determination of the real conductivity  
is significant, its interaction with the imaginary part 
and applications in plasmonics may be even more 
interesting. Rana proposed a THz plasmon laser  
[18]. The Drude frequency dependence of the two- 
dimensional (2D) conductance is equivalent to a 
plasmon excitation description, as one of us showed 
previously [19]. Recently, the fundamental resonance 
of plasmon excitations was observed [4] in graphene 
ribbons, which is completely analogous to 2D plasmons 
observed in low mobility 2D electron gases (2DEGs) 
by Tsui, Allen et al. in the 1970s [20] and by one of us 
in high mobility 2DEGs in the 2000s [19, 21]. These 
concepts may lead to tunable graphene based antennas 
[22] or even nano-antennas [23–28]. At the same time, 
the detailed theory of the frequency-dependent 
conductance of graphene, especially in the THz  
range, is still under development [29, 30]. The theory 
is somewhat more complex, due to the linear Dirac 
dispersion curve, the impact of many-body effects  
on the dynamical properties, and the confluence of 
the temperature, Fermi energy, and lifetime (all as  
comparable energies) in the THz to mid IR range. 

Thus, to date there has been no comprehensive 
study from microwave to THz of the broadband 
conductivity in the frequency domain of either single 
or multilayer graphene. In this work, we present  
the first measurements of the absolute value of 
multilayer and single-layer sheet conductivity and 
transparency from DC to 1 THz. We use three different, 
complementary techniques (wave-guide, quasi-optical, 
and optical) to acquire data over two decades in 
frequency from 10 GHz to 1000 GHz, and demonstrate 
the first-ever absolute measurements of the con- 
ductivity of both single and multilayer graphene in 
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this technologically important frequency range. A 
unique aspect of our work is the application of a 
continuously tunable THz frequency domain spectro- 
meter. Taken collectively, this work establishes a firm  
foundation for future THz applications of graphene. 

2. Experimental 

2.1 Sample preparation and characterization 

Because of the techniques used for RF characterization, 
we require large area graphene sheets and thus, 
chemical vapor deposition (CVD) grown graphene 
was transferred onto insulating (quartz, single crystal) 
substrates according to published recipes [31] (details 
are provided in the Electronic Supplementary Material 
(ESM)). Briefly, CVD graphene grown on nickel yielded 
few-layer graphene, and low pressure CVD (LPCVD) 
graphene grown on copper yielded nominally single- 
layer graphene as opposed to atmospheric pressure 
CVD (AP-CVD) grown graphene on copper which   
is known to have significant turbostratic graphene 
and multilayer areas [32]. These statements are 
justified in the ESM where characterization by optical 
imaging, Raman spectrum analysis, and atomic force 
microscopy (AFM) was used to precisely determine 
the number of layers in our samples especially for 
single-layer graphene (Figs. S-1–S-3 in the Electronic 
Supplementary Material (ESM)). The as-grown gra- 
phene on metal was coated with PMMA (polymethyl 
methacrylate), and transferred to single-crystal quartz 
[33]. All of our samples were found to be quite uniform, 
consisting of an average of 3–4 layers for the Ni-grown 
graphene (MLG), and nominally a single-layer for the 
LPCVD Cu-grown graphene. Several samples of each 
type were measured (see the ESM for details), but only  
representative data are presented here (Fig. 1). 

2.2 Dynamical impedance techniques 

Several techniques exist for material characterization 
at microwave frequencies of which the most relevant 
are resonant-cavity and transmission-line techniques 
[34, 35]. Resonant techniques give the most accurate 
measurements but are usually limited to a single 
frequency. These techniques rely on the perturbation 
of a cavity when the sample is introduced in the  

 
Figure 1 Close-up view of samples MLG#5, MLG#6, and MLG#7 
of multilayer graphene already transferred onto quartz substrates 

region of strong field. The variation in the frequency 
and the Q-factor of the cavity are then related to   
the permittivity and conductivity of the sample. This 
technique has been used previously [13] for the 
measurement of the sheet resistance of epitaxial  
graphene at 12 GHz. 

On the other hand, transmission-line techniques 
extract the material parameters from the strength of the 
transmitted wave through the sample. Since it does 
not rely on the excitation of a specific resonant mode, 
this technique is inherently broadband, limited only 
by the dimensions of the sample and its homogeneity, 
to avoid diffraction and scattering effects. In this 
paper, we use transmission-line techniques for the 
measurement of the conductivity of several samples 
of graphene for a broad range of frequencies 
including X-band (7–13 GHz), W-band (75–110 GHz)  
and wideband (0.1–1.0 THz). 

2.3 Transmission formulation 

The measured samples consisted of a SLG or MLG film 
on top of a substrate of single-crystal quartz. The SLG 
and MLG films had lateral dimensions of 14 mm × 
25 mm and 10 mm × 25 mm, respectively. The lateral 
dimensions are large enough to utilize RF propagation 
perpendicular to the film, as displayed in Fig. 2, and to 
model each graphene-on-quartz sample as a stratified  
medium. 

Usually propagation is then analyzed through two 
coupled dielectric etalons of different thickness and 
electrical properties, taking into account the angles of 
incidence transmission coefficient, and propagation 
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Figure 2 The samples can be considered as stratified media 
composed of graphene and quartz and surrounded by air 

constant, as well as the multiple reflections and 
refractions in each dielectric [36]. Here, we consider 
only perpendicular propagation and because the 
graphene is so much thinner than an RF wavelength, 
we treat it simply as a lumped impedance [37]. 
Therefore the model becomes a substrate of quartz 
surrounded by air on one side and a shunt impedance 
ZG representing the graphene film on the other side 
(see the ESM for an alternative paragraph for RF 
transmissivity in terms of transmission-line + 
equivalent-circuit modeling). In this case the trans- 
mission coefficient (ĲAGQ) from air into the quartz  
through the graphene sheet is 

W
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where Z0 and ZQ are the wave impedance in air and 
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where kQ is the wavenumber in the substrate, and l  
its thickness. For the latter the transmitted coefficient 
is [37] 
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Equation (3) can be also obtained by analyzing the 
propagation in the equivalent circuit model of Fig. 3, 
where each layer is represented by a transmission 
line of characteristic impedance equal to the wave 
impedance, and the boundary condition is that the 
graphene layer becomes a parallel resistance RG. 

 
Figure 3 Transmission-line model of a quartz substrate with a 
graphene sheet on an incident interface 

3. X-band measurements 

For the X-band measurement the sample dimensions 
are not large enough for a free-space measurement; 
instead they are only suitable for waveguide-coupled 
experiment, as shown in Fig. 4. To guarantee that 
only the fundamental mode (TE10) is excited in the 
waveguide, the frequency band is limited from 7 to 
13 GHz. Additionally to accommodate the single- 
layer sample, which is slightly wider (14 mm) than  
a nominal X-band waveguide WR-90 (10.2 mm), a 
tapered waveguide transition was machined. The 
smooth transition prevents the excitation of higher-  
order modes in the waveguide. 

To maximize the attenuation effect of graphene on 
the transmitted signal, the sample must be oriented so 
that the electric field excites currents in it, therefore  
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Figure 4� Experimental setup for the X-band measurement, where 
the wave has a normal incidence with respect to the graphene layer 

the surface must be parallel to the polarization of the 
electric field (vertical for the TE10 mode). Our technique 
maximizes this effect by orienting graphene sheet 

perpendicular to the waveguide, as shown in Fig. 4. 
With a perpendicular configuration the sample does not 
need to be larger than the section of the waveguide, 
and the power loss is analyzed with the formulation  
previously introduced.  

The measurement uses two coaxial-to-WR-90 wave- 
guide transitions connected to a network analyzer, 
and the effect of the transitions is removed by using  
a TRL (thru-reflect-line) calibration (see the ESM). 
Figure 5 presents the attenuation (measured S21) 
introduced by a reference bare quartz substrate as well 
as one of the single-layer and multilayer graphene 
samples (only one curve for each is presented for 
clarity). The presence of graphene on top of the quartz 
further attenuates the propagating wave, which 
increases by 0.25 dB for single-layer graphene and 
1.25 dB for the multilayer graphene. Also it must be 
noted that the phase in the measurement is basically  
constant regardless of the sample. 

 

Figure 5 (a) Schematic view of measurement setup for X-band measurements, and (b) image of sample mounted inside waveguide, 
with bare quartz protruding. Comparison of the measured S-parameters for an empty waveguide, a reference bare quartz, and multilayer
and single-layer samples of graphene (c) magnitude, (d) phase 



 Nano Res 

 

6

To obtain the sheet resistance, Eq. (3) must be 
solved within the waveguide. This implies that 
guided quantities corresponding to the fundamental 
mode in the waveguide (TE10) must be used for the 
wavenumber of the quartz substrate (kQ) and the 
guided wave impedances for air and quartz substrates  
respectively (Z0,Q), 
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where K0  = 120ʌ is the free-space wave impedance and 
k is the free-space wavenumber. 

Figure 6 displays the sheet resistance for multilayer 
(a) and single-layer graphene (b). For the multilayer 
samples, the sheet resistance is much lower than for 
the single-layer samples because of the additional  
parallel layers. 

 
Figure 6 Measured sheet resistance of graphene on top of quartz 
at X-band: (a) multilayer; (b) single-layer 

4. mm-Wave frequency characterization 
(W-band) 

As opposed to the X-band, the dimensions in the 
W-band are compatible with a free-space transmission 
scheme for the present samples. To improve the 
signal-to-noise ratio (SNR) of the received signal and 
reduce the scattered field from surrounding clutter, 
two lenses were used to focus the beam to a spot size 
less than the width of the sample. For each graphene 
sample there are two additional control measurements, 
free space and bare quartz. The samples are measured 
in a wide frequency range from 75 GHz to 110 GHz 
using a programmable network analyzer (PNA) with  
external mm-wave headers (Fig. 7). 

The dimensions of the samples allow us to take  
an image of the transmitted by means of a 2D linear 
stage moving in the focal plane. Due to the presence 
of the lenses, multiple reflections in the transmission 
path occur and these are present in the measured  
S21. The signal must be filtered to separate the first 
arrival (without reflections from the setup) from the 
remaining reflections. Figure 8 presents the image of 
the magnitude and phase of the filtered S21 at 90 GHz, 
and it shows simultaneously the value for air, bare 
quartz substrate and multilayer graphene on top of  
quartz. It must be noted that the dimensions and 
position of the graphene sample on the substrate are 
easily identified (see Fig. 8(c) for a photograph of the 
sample location). After processing S21 measurements  
using Eq. (3), the sheet resistance of Fig. 9 is obtained. 

 
Figure 7 Picture of X-band imaging and quasi-optic transmission 
apparatus 
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Figure 9 Measured sheet resistance of graphene on top of quartz 
at W-band: (a) multilayer (MLG); (b) single-layer (SLG) 

5. THz frequency characterization 

The THz measurements were performed in an optical 
setup using a coherent (homodyne) photomixing 
spectrometer with one photomixer as the THz trans- 
mitter, and a separate photomixer as the THz receiver. 
The system provides continuous tunable transmission 
measurement from 100 GHz to 1 THz with over 60 dB 
signal to noise in one sweep. The system is described 
in detail in Refs. [38–40]. This unique technique has 
never before been applied before to graphene films. 
The THz radiation is in the form of a Gaussian beam 
of focused width ~1 mm2, and the angle of incidence is 
at or near perpendicular, allowing the Airy transmission  
formula to be used. The formula is [41] 

 
� �

28
cos(2 ) sin(2 )

nT
A B kl C kl

       (5) 

where 

 
Figure 8 2D image of the measurement (MLG #9) at 90 GHz for the transmitted S21 through a bare quartz substrate, multilayer 
graphene and air. Magnitude data in dB; phase in degrees 



 Nano Res 

 

8

Z

 � � � � � � �

 � � � � � �

 �

 

4 2 2 2 2 2

2 2 2 2 2 2

2

6 1 2( 1) ( 1)( ),
2( 1) ( 1) ( 1)( ),
2( 1) ,

A n n n g n b g

B n g n n b g

C n nb

k n
c

  (6) 

and y = g–ib = YZ0 = (G – iB)Z0 = (Η1–iΗ2)dZ0 is the dimen- 
sionless complex admittance per square of the film in 
units of the admittance Z0

–1 of free space (1/377 S). In  
this work b is neglected in comparison to g. 

In Fig. 10, we plot the measured THz transmission 
data for the multilayer (a) and single-layer (b) samples. 
Because a quartz substrate of thickness 500 ȝm is 
used, the fringes in the transmission are visible in the 
raw transmission data. This allows us to accurately 
determine the index of refraction of quartz, and the 
quartz thickness, using a curve fit of Eq. (5). The 
value of n so found is 1.93, and the thickness   
562 ȝm, close to the estimated values. Once these are 
determined, the sheet conductivity can be determined,  

 

 
Figure 10 Plots of normalized transmission vs. frequency for 
single-layer and multilayer graphene 

again using Eq. (5). For the multilayer graphene, we 
are able to reliably extrapolate the sheet resistance. 
However, for the single-layer graphene, the calibration 
is not sufficient to show the difference between 
graphene and an open circuit (see the ESM for details). 
We can only put an upper bound of 0.1 mS on the 
sheet conductance of graphene in this frequency 
range. The entire set of data from the three different 
frequency bands is plotted for representative samples  
in Fig. 11. 

 
Figure 11 Plots of normalized conductance vs. frequency across 
all three bands (X band, W band, and THz) for (a) multilayer, and 
(b) single-layer samples. The black dashed line represents an upper 
limit on the single-layer measurement (see the ESM) 

6. Discussion 

The theoretical ac sheet conductance of single-layer 
graphene is e2/4Æ and universal at optical frequencies, 
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but not at THz frequencies. The THz conductance is 
predicted to have a non-trivial dependence on tem- 
perature, scattering rate, Fermi energy, and frequency,  
and is given by [29] 

� � � � � �V Z V Z V Z �intra inter          (7) 
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where T is the temperature, EF the Fermi energy, and 
Ĳ the scattering time (1/ɫ). In the presence of many- 
body (electron–electron) interactions, this may require 
augmentation [42]. Physically, the interband term 
corresponds to electron–hole pair generation and 
recombination events. Numerically, due to thermal 
smearing, this term is expected to be << e2/4Æ for 
frequencies < 1 THz, even if the Fermi energy is zero,  
and is thus not considered further in our analysis. 

Physically, the intraband term corresponds to 
free-carrier conductivity. For the present experiments, 
the temperature is finite but below EF/kB, so that this 
can be approximated as 
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The typical values of the Fermi energy are between 
100 to 500 meV, and the scattering time (at least  
from DC measurements) has been determined to be 
between 10 and 500 fs for exfoliated graphene at low 
temperatures [43]. The corresponding DC mobility  
is between 1000 and 20 000 cm2/(Vȉs) and so can be 
expected to be representative of moderate to very 
high quality SLG. We can use these parameters to 
project the THz properties of graphene, as shown in 
Fig. 12. Based on these projections, we find that our 
SLG (with EFermi ~ 150 meV, see the ESM) has a 
scattering time of 50 fs. (this curve fit is shown in 
Fig. 11(b)). The SLG data are consistent with separate 
DC measurements on moderate mobility samples [43]. 
Given the size of these samples (~1 cm × 2.5 cm), it  
is not surprising that the scattering time (which is 
indicative of the mobility and quality of the graphene 

sheet) is not as large as the cleanest sheets reported  
in the literature, which typically are about six orders 
of magnitude smaller in area (~10 ȝm × 10 ȝm) [44]. 
Thus, clearly, future research will be needed to develop 
cm-scale SLG samples with large scattering times, 
high mobility, and high material quality, comparable 
to the best quality graphene microscopic flakes. Very 
recent efforts in this area are very promising [45]. With 
such improved mobility and higher Fermi energy, the 
sheet conductivity can be modulated to even larger  
values, which we address next. 

In Fig. 12, we have generated a series of theoretical 
curves that represent gradually increasing values of 
the Fermi energy (and hence electron density) from 0.1 
to 0.5 eV, corresponding to commonly achieved electron 
sheet concentrations in the range 1 × 1012–10 × 1012 cm–2. 
Increasing the density also decreases the scattering 
rate [43], and hence in these curves we have also 
increased the scattering time from 60 fs to 510 fs (using 
Eq. (10)). The Fermi energy is straightforward to 
modulate with the appropriate gating structure, 
which we are currently investigating experimentally 
(to be published at a later date). In these first ge- 
neration single-layer graphene THz measurements, the  
scattering time of these samples (50 fs) corresponds 
to a moderate quality graphene layer, hence the sheet 
conductivity of the SLG is ~2e2/4Æ over the frequency 
range measured. In the future, increased mobility  

 
Figure 12 Projected normalized sheet conductance vs. frequency 
for increasing values of EFermi and Ĳ, from 60 to 510 meV and 60 
to 510 fs, respectively 
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devices coupled with gating structures can give rise 
to a voltage tunable THz spatial-light modulators, 
which would be a technologically significant electro- 
optic device for THz optics and systems. Note 
especially that the sheet resistance can be tuned right 
around the optimum sensitivity for modulators, the 
characteristic impedance of free space 377 ̛, which 
is 40e2/4Æ. Thus, this is the first step towards THz  
graphene optics. 

We now turn to a comparison of our data to prior 
art in the field for CW THz graphene measurements. 
In Fig. 13, we plot the data from three references: 
Ours, IBM [5], and Berkeley [3, 4]. For the data band 
measured, none of the groups completely maps the 
Drude rolloff. Our data are below the rolloff, whereas 
the data of IBM and Berkeley are above the rolloff. 
Therefore, future work with either higher mobility 
graphene in the THz band, or a combination of THz 
and FTIR, are required to completely map the transition  
through the Drude scattering time. 

Turning to the multilayer data, a comprehensive 
theory of the Drude response in MLG is currently not 
available. Thus, the MLG sample is not expected    
to behave exactly according to the Drude model. 
However, prior optical and IR work [8] have shown 
that the coupling between layers is relatively unim- 
portant for the IR properties, and that over most of  

 

Figure 13 Comparison of conductivity vs. frequency plots with 
prior work; solid lines are from measured bands and the dotted 
lines are the extrapolated data. UCI refers to all dataİ 1 THz, 
IBM [5] and Berkeley [3, 4] refer to all data > 1 THz 

the spectral range, the sheets behave as independent 
sheets in parallel. Our measurements, which are the 
first on MLG in this band, qualitatively corroborate 
this interpretation: The sheet conductance for our 
MLG samples is ~5–10 times larger than the SLG  
over the entire band (Fig. 11). The MLG data show a 
significant difference between the 10 GHz and 100 GHz 
sheet conductance, which we presently do not have 
an explanation for. Manipulating the number of layers 
clearly opens another potential degree of freedom for  
THz graphene optics. 

Our work has focused mostly on the absorptive 
(real) component of the graphene impedance, as 
measurements of the absorption are most straight- 
forward. However, the imaginary impedance can have 
many important applications in the future, allowing 
wave-guiding, sub-wavelength manipulation of THz 
waves, metamaterials, and more generally, graphene 
plasmonics [46]. Our microwave measurement 
technique clearly has the ability to infer the phase of 
the transmitted wave as well as the amplitude, and 
efforts are under way by one of us (E. Brown) to 
extend this concept of phase-sensitive measurements 
to THz photomixing spectrometry. These exciting 
new techniques will give us new and unprecedented 
opportunities to investigate, manipulate, and exploit 
the unique properties of 2D materials in THz devices  
and systems. 

7. Conclusion 

We have presented the first absolute measurement  
of the conductance of both SLG and MLG in the 
technologically important RF frequency range 
between 10 GHz and 1 THz, finding a value between 
2 e2/4Æ (SLG) and 20 e2/4Æ (MLG). This is consistent 
with graphene having excess AC conductivity above 
the optical (interband) value, likely an intraband com- 
ponent whose contribution depends on the Fermi 
level and scattering time, estimated to be 50 fs. The 
MLG samples behave as independent layers in parallel. 
Based on these measurements, simulations of device 
performance suggest that a very useful modulation 
of the conductivity and transparency is possible using 
gated structures on high-quality graphene material. 
Taken collectively, these results establish a strong 
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support for applications of graphene in the microwave,  
mm-wave, and THz range. 
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Graphene growth and transfer 

Multilayer graphene was grown on nickel film deposited on top of Si/SiO2 substrates using the chemical vapor 
deposition (CVD) method [1]. Single-layer graphene was grown on copper foils using CVD [2]. The transfer 
process was almost the same for both samples. Poly(methyl methacrylate) (PMMA) was spin-coated on the 
sample (3500 rpm for 60 s), and then samples were pre-baked on hot plate at 190 °C. Copper foil (or nickel for 
multilayer graphene samples) was wet etched (FeCl3 for the Cu and HCl for the Ni) until no residue of the 
metal was observed on the sample leaving graphene/PMMA floating on the etchant. Samples were then 
transferred and left in deionized (DI) water for 2 hours. DI water was changed again and left for another 3–5 
hours (or overnight in some cases) to get rid of the etchant residues on graphene films. Next, graphene/PMMA 
films were transferred to the target substrate (quartz in this case). Subsequently, another layer of PMMA was 
coated on the sample and dried out so that fewer defects were introduced in the PMMA removal step. 
Following that, samples were left in warm acetone for 2–3 hours and then transferred to a fresh acetone bath 
and left for additional 2 hours to remove the PMMA completely from the sample leaving graphene films on top 
of quartz substrates. Consistent with other work, residual PMMA was not completely removed by the acetone 
soak. It is anticipated that future work with an annealing step may yield higher mobility samples. However, the 
uniformity of doping seems reasonable, as characterized below. 

Counting the number of layers 

Optical imaging, Raman spectroscopy, and atomic force microscopy (AFM) were used to count the number of 
layers in each sample (Fig. S-1). Since optical images of graphene sheets on quartz substrate were not clear 
enough, we used the same batch of graphene samples with the exact same transfer process to deposit graphene 
on Si/SiO2 substrates for optical imaging purposes. We estimated the number of layers to be in the range of 3 to 
7 layers for our graphene films grown on Ni. Based on the Raman spectrum, the G/2D peak intensity ratio was 
calculated to help us with counting the number of layers [3–8]. Counting layers requires a more detailed study 
then merely the G/2D peak ratio. Therefore we also used AFM and optical imaging to validate our data. 
However, the exact number of layers in multilayer samples with more than five layers of graphene is hard to 
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obtain. To precisely acquire the G/2D peak intensity ratio, around 20 random spots (in a 1 cm × 1 cm area) were 
analyzed to obtain the Raman spectrum. The full-width half-maximum of the 2D peak for multilayer samples 
was found to be ~80 cm–1 and the average intensity ratio I(G)/I(2D) was around 1.2.  

 
Figure S-1 (a) AFM image and height data for a single-layer graphene sample. Raman spectrum of graphene films grown on (b) Cu, 
and (c) Ni. The insets in b and c respectively show optical images of single-layer and multilayer graphene on Si substrates 

On the other hand, LPCVD graphene grown on Cu foil is known to result in more than 90% single-layer 
graphene coverage over the sample On the other hand, LPCVD graphene grown on Cu foil is known to result 
in more than 90% single-layer graphene coverage over the sample [2, 9], as opposed to AP-CVD grown 
graphene on copper which is known to have significant turbostratic and multilayer areas [10]. This is clearly 
not the case in our LPCVD Cu-grown samples. Unlike multilayer graphene, in single-layer graphene films the 
2D peak (~2680 nm) is sharper and more intense compared to the G peak (~1580 nm). Similar to multilayer 
analysis, here in single-layer graphene samples we also used Raman, AFM, and optical imaging to confirm 
number of layers [9, 11] as can be seen in Figs. S-1 and S-3. The full-width half-maximum of the 2D peak of 
single-layer graphene was ~47 cm–1. Based on the Raman spectrum analysis, AFM data, and optical images 
extracted from our samples with LPCVD grown graphene on Cu, the quartz substrate was considered to be 
mostly covered by one layer of graphene with some areas having two or three layers. 
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The uniformity of the single-layer graphene (SLG) sample is confirmed by studying Raman spectrum 
obtained from 11 random spots over the 1 cm × 1 cm area of the sample. Statistical results show a small range of 
I(G)/I(2D) peak ratio variation (from 0.40 to 0.53, with one peak ratio around 1, which is not shown in histograms) 
with a concentration around the average ratio, 0.46 (Fig. S-2(a)). For MLG samples, (although they are all made 
of transferred graphene film from the same batch of graphene grown on Ni and cut in pieces), we aimed to 
investigate the uniformity from sample to sample. We plot a histogram of the I(G)/I(2D) peak ratio for 19 random 
spots in a 1 cm × 1 cm area of three different multilayer samples (Fig. S-3(a)) demonstrating the distribution 
range of 0.85–1.6 in the peak ratio variation, mostly concentrated around the average ratio (1.2). According to 
the optical images and Raman data analysis, the samples are considered to be essentially uniform. 

 

Figure S-2 (a) Statistical variation analysis of I(G)/I(2D) peak ratio from 11 spots in a 1 cm × 1 cm area of an individual single-layer 
sample showing a small range (0.4–0.53) of peak ratio variation with uniform distribution over the range. (b) Fermi energy distribution 
based on G-peak shift relative to 1580 cm–1 for SLG samples 

 
Figure S-3 (a) Histogram of I(G)/I(2D) peak ratio for 19 spots in a 1 cm × 1 cm area of three different multilayer samples demonstrating 
the distribution range of 0.85–1.6 ratio, mostly concentrated around the average ratio (1.2). (b) G peak position histogram for 3 MLG 
samples within the range 1573–1582 cm–1 with a spike at the average (1579 cm–1) 
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On the other hand, the doping effect of residual PMMA (after acetone cleaning) can be mapped by the shift 
in G peak position. Based on the distribution results it can be seen that the range of G peak positions for SLG 
samples was from 1584–1588 cm–1 (Fig. S-2(b) shows the relative changes in Fermi energy based on G-peak 
shift). For three MLG samples the G peak variation range was from 1573–1582 cm–1 (Fig. S-3(b)). Apparently 
this insignificant variation change, especially for SLG sample, shows a minimal effect of residual PMMA after 
cleaning. As the samples are not gated, their doping is fixed. Based on the location of the G-band shift (relative 
to 1580 cm–1), we estimate the sample to be p-doped with a Fermi energy of ~150 meV on average using a 
coefficient of 42 cm–1 ·eV–1 [12]. 

TRL calibration (X-band) 

We used the industry-standard thru-reflect-line (TRL) calibration for the waveguide junction. This requires 
measuring the microwave scattering parameters in the presence of a reflect termination (a short circuit has been 
used), a thru connection, and a quarter wavelength waveguide (at the central frequency), and computing and 
storing the calibration coefficients into a computer. Then, when the sample is measured, the raw S-parameters 
can be corrected applying the calibration coefficients, and the S-parameters are obtained at the reference plane 
of the sample, having removed the effects of the coaxial to waveguide transitions. Figure S-4 shows the short 
(reflect), thru, line, and two representative samples. Figure S-5 shows the raw measured S parameter data    
for SLG and MLG samples, as well as the control sample (quartz only, no graphene film), and the corrected 
S-parameter data after using the TRL calibration. The inferred film resistance for both samples is also plotted. 
Residual errors in the calibration, such as the presence of small standing waves and noise have been removed 
in the main text results applying a moving average filter. 

 

Figure S-4 TRL calibration standards (top), and control sample and graphene film mounted in waveguide (bottom) 
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Figure S-5 (a) Raw measured microwave parameters; (b) Corrected (using TRL calibration technique) microwave transmission; (c) 
Sheet resistance determined using 

Uncertainty analysis 

The more important sources of error in the retrieval of the sheet resistance are the quartz thickness uncertainty 
and the noise level of the measurement, with some other sources such as the angle of incidence having a much 
lower impact. For the X-band measurement, since the thickness of the substrate is much smaller than the 
wavelength, its impact is not as large as for instance in the case of the W-band. Assuming an uncertainty in the 
quartz thickness of 10%, and a noise floor of the S21 parameter of –65dB (worst case scenario), the uncertainty in 
the retrieved sheet resistance is below 10% for X-band measurements and between 10 and 20% for W-band 
measurements. 

Alternative formulation of RF modeling 

Although the main text takes a multiple reflection point of view for the RF sheet conductance modeling, an 
alternative formulation based on impedance mismatch is also possible. In all of our RF experiments the 
radiation is CW coherent and we measure the normalized transmitted power (transmissivity) through the 
graphene-on-quartz sample as a function of frequency in the microwave, mm-wave, or THz regions. The 
radiation is also propagating perpendicular to the quartz substrate as a TE guided wave, or TEM free-space 
wave. Under these conditions, we can model the experimental transmissivity by the equivalent-circuit model 
shown in Fig. 3 and Fig. S-6. The incident power is represented in terms of an equivalent sinusoidal current 
generator is. The quartz substrate is represented by a uniform transmission line of physical length l and 
characteristic impedance =Q = K0/n, where K0 = 377 : (wave impedance of free space) and n = 2.1 is the refractive 

index H H  
1
2

r r[ ( ) ; 4.4]n  of the Z-cut quartz in the microwave-to-THz region. Because the graphene is so much 
thinner than an RF wavelength, it can be represented by a parallel impedance ZG at the input port of the  
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Figure S-6 Alternative for Fig. 3 in the main manuscript 
 

transmission line. The radiation propagating on the transmitted side will be unidirectional (guided-wave or 
TEM mode), so its behavior can be added simply as a load impedance K 0Z —the wave-impedance of the 
guided or TEM mode—at the end of the quartz transmission line. The loaded-transmission-line impedance is 
given by the standard expression [13] 
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v
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,  the wave velocity in quartz. Any absorptive losses in the quartz have been ignored (a 

good assumption for the present quartz substrates up to at least 1.0 THz). The power transmissivity is then the 
ratio of the power delivered to the “load”, PL, divided by the power available from the source, PA : 
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This expression is expected to be <1 because of power dissipated in the graphene and power reflected back to 
the source by the frequency-dependent standing-wave interference in the quartz substrate. It also accounts for 
the possible reactive impedance (imaginary part of ZG) in the graphene film. 

THz calibrations 

The measured THz transmission amplitude was fitted to Eq. (3), and values of n = 1.93 and L = 562 Pm were 
found as the best fit to the standing wave pattern. Once the values of n and L were obtained, the sheet 
conductivity could be determined. Shown in Fig. S-7 below is a prediction of Eq. (5) for various values of a 
simple toy model of a frequency-independent sheet conductivity (plotted for values between 0.001 mS to 1 mS), 
and also shown is the SLG and MLG transmission data. It is clear that the data for the MLG allow the effective 
determination of the sheet conductance, which is ~1 mS. However, for the SLG data, the measurement noise 
does not allow determination of sigma if it is less that 0.1 mS (i.e. we cannot distinguish between the blue, pink, 
yellow curves and the SLG data), which seems to be the case for the SLG data. For the MLG data, instead of 
assuming a frequency-dependent conductance (which is modeled in Fig. S-7 below), we determined the actual 
measured conductance at each frequency, by solving Eq. (5) for V . 
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Figure S-7 Predicted transmission (with Fabry–Pérot effect modeled in) for various values of sheet conductance, and the measured 
MLG and SLG data 

Detailed table for all samples 

Serial # Sample # Raman, 
# of layer(s) 

DC, Rs  
(kȍ/sq.) 

10 GHz, Rs 
(kȍ/sq.) 

100 GHz, Rs  
(kȍ/sq.) 

1 THz, Rs  
(kȍ/sq.) 

MLG       
Sample 1 (damaged) 1  1.7 1.17   
Sample 2 (damaged) 2      

Sample 3 3  ~4 2.53   
Sample 4 4   1.28  0.5 
Sample 5 5 4  1.54   
Sample 6 6   1.57   
Sample 7 7 5–6  1.5 0.7  
Sample 8 8   1.11   
Sample 9 9 3  1.14 0.705  

Sample 10 10   1.04   
Sample 11 11 2–3  1.16 0.78  
Sample 12 12   1.4 0.8  

SLG       
Sample 1 SLG 1 1  ~7.8 ~6.3 X 
Sample 2 SLG 2 1  ~6.5 ~6.6 X 
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