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AC conductivity parameters of graphene derived
from THz etalon transmittance

Weidong Zhang,*a Phi H. Q. Pham,b Elliott R. Browna and Peter J. Burkeb

THz frequency-domain transmittance measurements were carried out on chemical-vapor-deposited

(CVD) graphene films transferred to high-resistivity silicon substrates, and packaged as back-gated

graphene field effect transistors (G-FETs). The graphene AC conductivity σ(ω), both real and imaginary

parts, is determined between 0.2 and 1.2 THz from the transmittance using the transmission matrix

method and curve-fitting techniques. Critical parameters such as the charge-impurity scattering width

and chemical potential are calculated. It is found that not only the sheet charge density but also the

scattering parameter can be modified by the back-gate voltage.

1. Introduction

For monolayer graphene-based devices such as the high speed
field effect transistor (FET), electronically gated optical modu-
lator and two dimensional plasmonic devices, the ac conduc-
tivity, σ(ω), is an important parameter which has been studied
both theoretically and experimentally.1–7 In this paper, we
demonstrate a terahertz (THz) etalon transmittance technique
in the frequency domain and apply it to obtain the graphene
complex conductivity in the range 0.2–1.2 THz. Previously, the
conductivity in this frequency range was usually extrapolated
from either RF or infrared data, or obtained at spot frequen-
cies.8 There was also a report on measurements by time
domain THz spectroscopy, but no frequency dependence σ(ω)
was provided.9 The approach reported here derives the conduc-
tivity directly from the THz transmittance data and is non-
contact and non-destructive. Compared with dc methods, the
THz can provide “quieter” measurements with less noise (e.g.
1/f noise). Compared with visible-wavelength methods, the
THz provides low propagation loss through the graphene-
bearing silicon substrates. Compared with IR methods, the
THz photon energy (∼4.0 meV at 1 THz) mostly induces intra-
band transitions, and is less likely to excite interband tran-
sitions (Fig. 1).

2. THz etalon transmittance
measurements

To prepare the graphene for THz testing, first a 1 cm × 1 cm
monolayer graphene film was grown on copper foil by CVD.
Next poly-methyl methacrylate (PMMA) was spun onto the gra-
phene film. The copper foil was then etched away overnight in
ammonium persulfate. The floating graphene was cleaned in
DI water, and then transferred onto a 90 nm-thick SiO2 layer
pre-deposited on a high-resistivity silicon substrate. Then the

Fig. 1 Qualitative illustration of the spectral transitions in graphene that
contribute to the AC conductivity.
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PMMA was removed with acetone wash, and annealed under a
hydrogen + argon atmosphere. The quality of the transferred
graphene film was confirmed by Raman spectroscopy; the two
characteristic G and 2D peaks at ∼1591 cm−1 and ∼2683 cm−1,
respectively, were clearly observed indicating monolayer gra-
phene coverage [Fig. 2(a)]. Two smaller but visible peaks at
∼1350 cm−1 and ∼2445 cm−1 are attributed to defect-induced
Raman scattering.10 Scanning electron microscopy (SEM)
inspection showed the large-area graphene film to be mostly
clean after the annealing process [the left side of Fig. 2(b)].
However, small speckles of the residual PMMA are observed
[the right side of Fig. 2(b)].

To package a back-gated G-FET, two electrodes – the source
and drain – were deposited with silver paint on two opposite
ends of the graphene film; the third terminal gate was de-
posited on the back side of the silicon [Fig. 3].

Fig. 4 shows the dc characteristics of the G-FET, source–
drain I–V curve in (a), and the C–V curve in (b). From the slope
of Fig. 4(a) at zero gate voltage, we obtained a dc sheet con-
ductance of 19.7e2/4ħ, where e2/4ħ is the accepted optical

(interband) conductance of monolayer graphene.4 Our dc
conductance exceeds the optical conductance because of the
stronger effect of intraband transport compared to interband
transport. The G-FET shows but modest transconductance – a
value of 0.68 mS occurring at VDS = 2 V and VGS = 0 V. This is
because of the large separation from the graphene to the back
gate, whereby most of the applied gate voltage drops across the
silicon and oxide layers. The C–V curve in Fig. 4(b) supports
this interpretation, displaying a dip in capacitance just below
zero bias as expected from metal–insulator–semiconductor
theory with a back-gate and n-type substrate. At a larger nega-
tive gate bias, the silicon goes into inversion, and at positive
bias, it goes into accumulation. This is consistent with the
known n-type nature of our high-resistivity Si, having a doping
concentration of ∼1014 cm−3.

To measure the THz transmittance, an Emcore PB7100 fre-
quency-domain transceiver was used. It sweeps continuously
from 0.1 to 1.6 THz in steps of 500 MHz with a dynamic range
of approximately 80 dB at 0.1 THz and 40 dB at 1.0 THz. The
diameter of the THz beam is ∼3 mm. First a background scan
without any sample in the THz beam path was performed, and
the scan was recorded as PB( f ). Next the noise floor scan was
acquired by blocking the beam with a metallic plate, and the
signal was recorded as PN( f ). Then the G-FET sample was
placed in the beam path, and the scan was recorded as PS( f ).
Finally, the transmittance was calculated from Te = [PS( f ) −
PN( f )]/[PB( f ) − PN( f )].

A bare oxide-on-Si substrate (control sample) having the
same physical properties as the G-FET substrate was measured
at room temperature (T = 300 K). The substrate was almost
lossless, as demonstrated by the multiple interference peaks in
the transmittance having their maxima close to 1.0 [Fig. 5(a)].
This is also characteristic of a balanced etalon where the two
interface (air–Si and Si–air) reflectivities are equal. Then the
G-FET sample was measured. Its transmittance spectrum is
plotted in Fig. 5(b) for two gate bias voltages of 0 and 5.0 V. In
both cases there are multiple peaks and valleys due to the

Fig. 2 (a) The Raman spectrum before and after graphene transfer to
silicon. (b) The SEM images of the graphene film transferred to silicon
after the annealing process.

Fig. 3 (a) The G-FET and (b) the THz Fabry Perot Etalon setup. S:
source; D: drain; G: back gate.

Fig. 4 The source–drain current vs. voltage (IDS–VDS) curves at
different gate voltages (VGS). (b) The C–V curve measured at 30 Hz with
ac amplitude 100 mV.
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interference effect in the G-FET etalon, but the maxima are
reduced considerably below those in Fig. 5(b) because of the
imbalance in the reflectivity at the two interfaces. When the
back-gate voltage was set to 5.0 V, a modest change occurred in
the transmittance at some of the peaks but there was an insig-
nificant change at the valleys between the peaks.

3. Modeling and discussion

The THz conductivity of the graphene is determined using the
transmission matrix method (TMM).11 The THz beam was inci-
dent normally. Its transmittance is Te = |S21|

2 with

S21 ¼ t1t2expð�jksLÞ
1þ r1r2expð�2ksLÞ ð1Þ

where L is the thickness of the Si substrate, ks is the wave
vector inside the substrate. ks is equal to 2π ffiffiffiffi

εs
p

=λ, where εs is
the dielectric constant of silicon and λ is the free-space wave-
length. r1 and t1 are the coefficients of reflection and trans-
mission at the front air–Si interface, respectively, and are
given by

r1 ¼ 1� ffiffiffiffi
εs

p
1þ ffiffiffiffi

εs
p ð2Þ

t1 ¼ 2
1þ ffiffiffiffi

εs
p ð3Þ

r2 and t2 are the coefficients of reflection and transmission at
the Si–graphene/graphene–air interfaces, respectively,1 and are
given by

r2 ¼
ffiffiffiffi
εs

p � ð ffiffiffiffiffi
εg

p þ 1Þffiffiffiffi
εs

p þ ð ffiffiffiffiffi
εg

p þ 1Þ ð4Þ

t2 ¼ 2
ffiffiffiffi
εs

pffiffiffiffi
εs

p þ ð ffiffiffiffiffi
εg

p þ 1Þ ð5Þ

where εg = Re{εg} + j Im{εg} is the complex dielectric constant
of graphene. Finally the complex sheet conductance is com-
puted from εg as

σg ¼
ffiffiffiffiffi
εg

p
Z0

ð6Þ

where Z0 = 377 Ω is the impedance of free space.
The thickness of the silicon substrate was L = 392 μm. The

value of silicon εs = 11.65, is accurately known in the THz
region and has an insignificant frequency dependence.12 To
determine εg, and therefore σg, a least-squares fitting pro-
cedure is performed around each transmittance peak in Fig. 5(b)
using eqn (1–6) with Re{εg} and Im{εg} as fitting parameters.†
Each fitting region includes a center frequency where a
peak is located, and two end frequencies where the adjacent
valleys are located. The real and imaginary parts of the THz
conductivity at these center frequencies are shown in Fig. 6 for
unbiased (VGS = 0.0 V) and biased (VGS = 5.0 V) conditions. The
error bars, including the system errors determined from the
bare silicon measurement, are plotted too. The real conduc-
tivities have a standard deviation of 2–3%; however, the ima-
ginary conductivities have a standard deviation as much as
50%. The real part of the conductivities (∼20e2/4ħ) is within
the range of values extrapolated from FTIR data.13 The broad-

Fig. 6 (a) The fitting of the conductivities at VGS = 0. The unit of con-
ductivity is e2/4ħ. (b) The fitting of conductivities at VGS = 5 V. The dis-
crete data points are spot-frequency conductivities from fit to the
transmittance peaks, circles being the real part and inverted triangles
being imaginary. The continuous line of real is the Drude-model fit to
the spot-frequency real conductivity points, and the continuous line of
imaginary is calculated with the Drude-model using the extracted Γ and μ.

Fig. 5 (a) The transmission of bare Si as a control sample. (b) The trans-
mission of the graphene film on the Si substrate.

†The scipy.optimize library of Python was used for the least-squares fitting, and
its documentation can be found in http://www.SciPy.org. The curve_fit() is
designed to minimize the sum of square of ( f (xdata) − ydata), which is denoted
as χ2. We use reduced chi square χ̃2 to evaluate the goodness of the fittings.
A fitting is regarded as good when χ̃2 is less than 1. χ̃2 is estimated from χ2/(N −
p), where N is the number of data points, and p = 2 is the number of parameters
for fitting. In the fitting of every transmittance peak region, N ∼ 110, and χ̃2 is
less than 0.1.
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band gate-bias dependence of the real and imaginary parts,
especially between 400 and 900 GHz, is observed. Above 1.2
THz it is not plotted because the quality of the data is degrad-
ing. This is attributable to a decreasing dynamic range of the
instrument and also multiple water-vapor lines that are not
perfectly cancelled out by the normalization procedure.

Next the extracted THz conductivity, both the real part and
imaginary part, is compared with the theoretical model of
intraband conductivity, which is commonly written in a
Drudian form,14,15

RefσintraðωÞg ¼ e2

4h�
2
π

8kBTΓ
h� 2ω2 þ 4Γ2 log 2 cosh

μ

2kBT

� �� �
ð7Þ

ImfσintraðωÞg ¼ � e2

4h�
2
π

4kBTh� ω

h� 2ω2 þ 4Γ2 log 2 cosh
μ

2kBT

� �� �
ð8Þ

where kB is the Boltzmann constant, e is the electron charge, ħ
is the Planck constant, ω = 2πf is the angular frequency, Γ is a
phenomenological parameter representing the magnitude of
scattering, and μ is the chemical potential.

The two critical parameters Γ and μ are found by a least-
squares fit to the real part of the conductivity only. The
obvious deviation from the Drudian line at VGS = 5 V (∼3e2/4ħ)
may be due to the dielectric response of the PMMA residue
and the inhomogeneity of the graphene film caused by PMMA
[Fig. 2(b)]. The fitting leads to the values Γ = 4.60 meV, μ =
−0.15 eV at VGS = 0 and Γ = 9.23 meV, μ = −0.26 eV at VGS = 5 V,
respectively. Accordingly, the scattering time constants τ = ħ/
2Γ are 72 fs at VGS = 0, and 36 fs at VGS = 5 V. Calculation with
eqn (7) then leads to a good agreement with the experimental
values, as shown in Fig. 6. The dc values according to eqn (7)
are 20.63 and 17.94e2/4ħ, respectively, which are very close to
the ones measured directly from Fig. 4(a). The relative differ-
ences are 4.7% at VGS = 0 and 1.4% at VGS = 5 V. This proves
the accuracy of eqn (7) as well as the consistency of experi-
mental data from dc to THz.

The imaginary conductivity is calculated with eqn (8) and
the extracted Γ and μ are plotted in Fig. 6. The data points
deviate from the Drudian lines by more than one error bar,
but display the same trend globally as the Drude formula pre-
dicts. The possible reasons of deviation include the uncertain-
ties of Si thickness and Si dielectric constant, which can
sensitively shift the phasor of exp(−2ksL) in eqn (1). Other
possible influencing factors are the PMMA residue and the
free carriers on the Si side of the Si–oxide interface.

Another possible consideration is the quantum capacitance
of graphene defined as the variation of sheet charge density
versus the change of chemical potential (Cg ∝ dn/dμ).16 The
chemical potential is controlled by the component of the elec-
tric field perpendicular to the gate and graphene film, as is the
charge density. However, the THz electric field is parallel to
the graphene film. So it should not change μ or n, and there-
fore not be affected by the quantum capacitance.

The interband conductivity is not included in the fitting
procedure above either, because it is less significant compared
to the intraband one given that the THz photon energy is

much less than the chemical potential (ħω ≪ 2μ). This is veri-
fied with the following model1

RefσinterðωÞg � e2

4h�
1
2
þ 1

π
arctan

h�ω� 2μ
2kBT

� �� �
ð9Þ

ImfσinterðωÞg � e2

4h� � 1
2π

log
ðh�ωþ 2μÞ2 þ ð2kBTÞ2
ðh�ω� 2μÞ2 þ ð2kBTÞ2

" #( )
ð10Þ

The real part is Re{σinter} ∼ 0.95e2/4ħ at μ = −0.15 eV (VGS =
0) and 0.97e2/4ħ at μ = −0.26 eV (VGS = 5 V), respectively. The
imaginary part Im{σinter} is −0.0083e2/4ħ at 1 THz.

4. Conclusions

In summary, the broadband THz conductivity of a monolayer
graphene film is derived by a curve fitting procedure to the
individual peaks of the etalon transmittance. The scattering
parameter as well as the chemical potential – the two quan-
tities critical to the intraband conductivity – are extracted.
Both are modified by tuning the back-gate voltage. We noted
that the extracted imaginary conductivity is less reliable
because of its poor sensitivity factor.‡ For example, the sensi-
tivity factor, defined as SI = ∂log(Te)/∂log(Im{σg}), is SI = 0.0013
at 338 GHz; in contrast, the analogous sensitivity quantity for
the real conductivity, defined as ∂log(Te)/∂log(Re{σg}), is 0.4 at
the same frequency. To obtain more precise imaginary conduc-
tivity, we are considering the combination of the above tech-
nique with frequency-domain reflectivity measurements.
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