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We report a study of the complex AC impedance of chemical vapor deposition grown graphene.
We measure the explicit frequency dependence of the complex impedance and conductance over
the microwave and terahertz range of frequencies using our recently developed broadband
microwave Corbino and time domain terahertz spectrometers (TDTS). We demonstrate how one
may resolve a number of technical difficulties in measuring the intrinsic impedance of the
graphene layer that this frequency range presents, such as distinguishing contributions to the
impedance from the substrate. From our microwave measurements, the AC impedance has little
dependance on temperature and frequency down to liquid helium temperatures. The small
contribution to the imaginary impedance comes from either a remaining residual contribution from
the substrate or a small deviation of the conductance from the Drude form. © 2011 American

Institute of Physics. [doi:10.1063/1.3651168]

. INTRODUCTION

Graphene is a material consisting of a single atomic car-
bon layer arranged in a 2D honeycomb lattice, discovered in
1969' and studied extensively since then” by the surface sci-
ence community. It has attracted wide-spread interest for
both its novel electronic properties and Dirac band disper-
sion as well as its broad application potential.>™ Due to its
high mobility, it also has been proposed to show great prom-
ise for high speed switching in microwave and terahertz
devices'®™'? and terahertz plasmon amplification."?

Recently, it has been demonstrated that large-area mono-
layer graphene films can be grown by chemical vapor deposi-
tion (CVD) on copper foils,'* following the precipitation-based
growth of somewhat non-uniform few-layer graphene films on
Ni foils.'>'® This method'’° allows the growth of large scale
graphene films that can be transferred to various substrates,
which will be essential for any practical device applications.
The availability of large area uniform graphene also allows
access to these materials from a greater variety of experimental
techniques including studies of their long wavelength electro-
magnetic response. Their complex microwave and terahertz fre-
quency dependent response are of particular interest and their
understanding is crucial in order to use graphene for fast elec-
tronic devices. However, it has traditionally been difficult to get
significant broadband spectral information in these frequency
ranges, particularly in the microwave regime. Microwave ex-
perimental techniques are typically very narrow band and may
at best allow the characterization of materials at only a few dis-
crete frequencies.

In this study, we make use of our newly developed
microwave “Corbino” spectrometer to measure the broad-
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band microwave response in the frequency range from
100 MHz to 16 GHz of CVD grown graphene at tempera-
tures down to 330 mK. This technique allows one to gain
broadband spectral information in the microwave regime.
Microwave techniques are typically very narrow band. We
present data for both the sheet impedance and complex con-
ductance. The measurement of the intrinsic impedance of a
single atomic layer film on an insulating substrate presents a
number of experimental challenges in the microwave regime.
As a non-resonant technique, the Corbino spectrometer
requires an intricate calibration procedure. More impor-
tantly, any attempt to measure the intrinsic impedance of
graphene will be affected by capacitive coupling to its
dielectric substrate. At microwave frequencies, the imped-
ance associated with the substrate can be a substantial frac-
tion of the graphene impedance. We detail the manner in
which substrate effects may be calibrated for as well as a
number of other difficulties peculiar to this frequency range
that must be overcome. We also compare our data to that we
measure at higher frequencies using time-domain terahertz
spectroscopy. Both measurements techniques are capable of
measuring the complex optical response functions as a func-
tion of temperature and frequency, without resorting to
Kramers-Kronig transforms.

CVD grown graphene was prepared by methane and
hydrogen at pressures of 1.5 mbar over a 25 um thick Cu
foil. The graphene films are coated with PMMA and then the
Cu foils are dissolved in an aqueous solution of FeCl;. The
graphene is rinsed several times with de-ionized water and
can then be scooped out of solution onto a 380 um thick
clean high resistivity Si substrate. High purity Si was used as
it has a purely dielectric contribution to the impedance of the
graphene-silicon multilayer. The sample is allowed to dry
and adhere to the Si and then the PMMA is removed by ace-
tone. The resulting films are verified to be of high-quality,

© 2011 American Institute of Physics
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predominantly single layer graphene from the intensities and
positions of the G- and 2D-band peaks in their 532 nm
Raman spectra21 (Fig. 1(a)).

Il. MICROWAVE MEASUREMENTS

The microwave “Corbino” technique has been developed
to provide the frequency dependent response in this spectral
range, where broadband measurements have been traditionally
been very challenging. It has been used in recent years to give
important information about high temperature supercon-
ductors, heavy-fermion, electron glasses, and thin film
superconductors.”>® In this technique, one measures the
complex reflection coefficients ST} from a thin film sample
that terminates a coaxial transmission line. Typically, electri-
cal contact is made by pressing a modified microwave adapter
against the sample with donut shaped gold pads, which
matches the radial dimensions of the coaxial line. The tech-
nique necessitates the use of three calibration samples with
known reflection coefficients (20 nm NiCr on Si, a blank Si
substrate, and a bulk copper sample) to remove the effects of
extraneous reflections, phase shifts, and losses in the coaxial
cables.?” Using the telegraphers’ equation, the actual reflec-
tion coefficient at the sample surface S{, is expressed as

'm
" —Eb

9 = )
U Er + Es(ST — Ep)

(M

Here, the complex error coefficients Ep, E, and Eg represent
the so-called directivity, source match, and reflection track-
ing errors, respectively. They are temperature and frequency

300
—~ 250
3
o 20
2 150
w
S 100
E
— 50
0
| 1
1500 2000 2500 3000
. -1
Raman shift (cm ')
2400 F
— Ry before annealing
— Ry after annealing for 24 hours
v 2001 + Ry after annealing for 24 hours at 260MHz
£ _.M
£ p a
g 2000 L—_——_‘_’—”//
0
(1 +
+
1800 -
1 | 1 1 1 1 1
0 50 100 150 200 250 300

Temperature (K)

FIG. 1. (Color online) (a) Raman spectra of graphene on Si. The Raman
signal from a bare Si substrate has been subtracted. (b) Resistance per square
R for one of the CVD grown graphene samples as a function of temperature.
The black crosses are the microwave data at 260 MHz. After the same sample
was annealed at about 60°C in vacuum for about 24 h, the temperature
dependence of its resistance shifted as shown by the dark grey (red) curve.
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dependent complex coefficients. To extract out the sample
sheet impedance Z¥ in principle the standard equation

1+ 5%
—Z 2
=g 2 @3

off _
Zy =

may be used. Here Zo=50 Q is the characteristic cable im-
pedance and g =2n/In(r,/r;) is a geometric factor where r,
and r are the outer and inner radii of the donut shaped sam-
ple. However, additional complications are presented in the
case of materials like graphene where the impedance of the
film is comparable to that of the substrate, as the substrate
contribution must be taken into account explicitly. In the thin
film approximation and under the assumption that only TEM
waves propagate in the transmission lines, the effective im-
pedance for a thin film of impedance Zs backed by a substrate
with characteristic impedance Zg"” can be shown to be*®

zZ

eff S

zf =5 3)
Lz

To isolate the impedance of the graphene layer, we use Eq.
(3) with Z§** from our previous independent study of thin
superconducting films on identical Si substrates.”® In that
study, we used amorphous metal films with scattering rates
(=100 THz) so high that the intrinsic AC impedance of the
film itself in the normal state was purely real and could be
deduced from the DC resistance exactly. Thus, Zg"b can be
calculated by comparing the measured AC impedance of the
metal film with its known value. Knowing Zg”” , one can iso-
late the intrinsic broadband impedance of the graphene
layer.

In addition to measurements at microwave frequencies,
the Corbino spectrometer system can measure the two con-
tact DC resistance simultaneously using a lock-in amplifier
and a bias tee. Multiplying the measured resistance between
the inner and outer conductors of the coaxial cable by the
geometric factor g, we obtain resistance per square. As
shown in Fig. 1(b), the resistance per square as a function of
temperature is approximately temperature independent
(~3% over the range) with only an upturn below 30 K as the
principal distinguishing feature. The sample properties are
changed only slightly by annealing in vacuum for about 24 h
at 60°C. As shown in Fig. 1(b), the resistance per square
increased by 5% with almost the same temperature depend-
ence. We ascribe the change in the overall scale due to a
change in carrier density by driving off absorbed gases.

In Fig. 2, we present the results of our broadband micro-
wave measurements on one particular graphene sample from
100 MHz to 16 GHz at temperatures down to 330 mK. The
small oscillations are the residual effects of standing wave
resonances in the transmission line that have been imper-
fectly removed by the calibration procedure. In Fig. 2(a), we
compare the effective impedance at the sample surface
calculated from Eq. (2) with the impedance of the sample
after the substrate correction described above. One can see
that the correction becomes significant at higher frequency
where the effective capacitance of the dielectric substrate
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FIG. 2. (Color online) (a) Calibrated impedance with-
out (shown in black) or with (shown in dark grey (red))
correction for the substrate contribution at room tem-
perature. Corrected (b) impedance and (c) conductance
(normalized by G, = ne*/2h) as a function of frequency
in the range of 100 MHz to 16 GHz at different temper-
atures. Different colors in both panels indicate different
temperatures. In all the panels, solid lines are the real

parts while dashed lines are for the imaginary parts.
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plays a larger role. After correction, the impedance becomes
primarily real and frequency independent as expected for a
conductor with a scattering rate larger than the measurement
range. One can see that it is essential to perform such a cor-
rection to quantify the impedance correctly.

In Fig. 2(b), we plot both real (Z;) and imaginary (Z,)
sample impedances corrected for the substrate contribution
as a function of frequency at 5 different temperatures. We
can see that the frequency dependance of impedance at the
base temperature of 330 mK and room temperature are
almost the same. The vertical difference in those tempera-
tures matches with the difference of measured DC resistivity.
As clearly seen from Fig. 2(b), the real and imaginary parts
of impedance have little dependence on frequency down to
low temperatures. This can also be seen in Fig. 1(b), where
the resistance at the low frequency of 260 MHz at 4 different
temperatures is also plotted. These data follow the DC values
closely indicating a consistency of AC and DC measure-
ments. Also, the real and imaginary parts of conductance
have little dependance on temperature which means that the
Drude response of electrons in graphene does not change a
lot over this wide range of temperatures (from room temper-
ature to 330 mK). It also indicates that the scattering rate t—
the average time between scattering events—bears little
dependance in temperature.

In Fig. 2(c), we plot the complex conductance obtained
by using the inverse of the data Fig. 2(b). Since in the thin

Downloaded 07 Dec 2011 to 128.83.63.20. Redistribution subject to AIP li

film limit, the complex conductance is the reciprocal of com-
plex impedance, it also has almost no dependance on fre-
quency. Here we have ratioed this data to the quantum of
conductance G = ne*/2h =1/16433 Q! expected for a gra-
phene sample with its chemical potential tuned to the Dirac
point. Its large dimensionless scale shows that the carrier
density for this sample is high with the chemical potential
far from the Dirac point.

Although the imaginary part of the conductivity is very
small in Fig. 2, it is not zero, which gives a measurable 1
from the data. Within the Drude model, the complex conduc-
tivity from a charge responding to a time varying external
oscillating electromagnetic field with frequency o is
g(w) = %, where n is the electron density. Inspection
of this equation shows that the ratio of the imaginary to real
parts of g,/0¢ gives w7 as a function of w such that t can be
determined from its slope. In Fig. 3, we plot this ratio for the
conductances (G =ad) as a function of frequency at 15 K.
G,/G at other temperatures give similar results as both G,
and G have little dependence on temperature. The slope of
G,/G, gives us an estimate of the relaxation time, which is
about 25.7 ps. A rough estimation of scattering rate is then
I'=1/t=38.9 GHz. This is quite close to the value for the
Drude scattering rate of 36.4 GHz obtained independently
through fitting our data using a Drude-Lorentz model. >
Using this extracted scattering rate, we can estimate the
mean free path /=Vy*r=28.3 um with Fermi velocity

icense or copyright; see http:/jap.aip.org/about/rights_and_permissions
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FIG. 3. (Color online) Ratio (shown in dark grey (red)) of real and imagi-
nary parts of conductance as a function of frequency in the range from 700
MHz to 9 GHz at 15 K before annealing. The black straight curve is a linear
fit with zero y axis intercept.

vp=1.1% 10° m/s.* However, we should note that this small
value of the scattering rate is interesting as it is at odds with
that inferred from previous studies using higher frequency
time-domain terahertz spectroscopy>’ or far-infrared reflec-
tivity measurements.”'

lll. TERAHERTZ MEASUREMENTS

The small value of the scattering rate is also different
from that inferred from our own time domain terahertz spec-
troscopy (TDTS) measurements on another similarly pre-
pared sample. In TDTS, an ultrafast laser pulse excites a
semiconductor switch, which generates an almost single
cycle pulse with frequencies in the terahertz range. The
transmitted terahertz pulse’s electric field is mapped out as a
function of time. The ratio of the Fourier transform of the
transmission through the sample to that of a reference (usu-
ally the substrate on which the sample is deposited) gives the
complex transmission function of the film under study. This
can be inverted using standard formulas in the “thin film
approximation” T(w) = Tizama¢ ™ to get the complex
conductivity. Here @y is the phase accumulated from the
small difference in thickness between the sample and refer-
ence substrates and 7 is the substrate index of refraction. We
have measured in terahertz frequency range from 150 GHz
to 1.0 THz at temperatures down to 6 K with flowing He4
gas. It is possible that the He4 gas environment for graphene
sample in TDTS might make a slight difference for its scat-
tering rate compared with the Corbino system where the
sample is sealed in high vacuum.

In Fig. 4, we show terahertz complex conductance data
for a sample from a different batch. This sample has a higher
carrier concentration as evidenced by its larger conductance.
The sample also shows little dependence on frequency of the
real part of the conductivity and a small imaginary conductiv-
ity in this range. As the conductance is expected to drop off
dramatically around the frequency of the scattering rate within
the Drude model, this sample has a scattering rate greater than
1.0 THz. This is consistent with previous work’**! on CVD
grown graphene and on few-layer epitaxial graphene.

J. Appl. Phys. 110, 083510 (2011)
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FIG. 4. (Color online) Real (solid) and imaginary (dashed) parts of normal-
ized conductance as a function of frequency in the range from 150 GHz to
1.0 THz at different temperatures for a similar graphene sample.

IV. CONCLUSION

The two different scattering rates found in our microwave
and TDTS measurement show either the limitations of the
Drude model for describing the fine details of electron trans-
port in graphene at low frequencies or alternatively the inher-
ent difficulties of extracting out the precise complex
impedance of graphene. In the first case, it may be that the
details of scattering Dirac electrons give a conductivity
lineshape that is not precisely Lorentzian. Then the slope of
G,/G, cannot be taken as a measure of 7. In the second case,
the scattering rate may be underestimated by imprecisely
removing the effects of the substrate contribution. It may be
that this overestimates the size of the imaginary contribution to
the impedance and thereby giving a larger contribution to G,.
Future work will attempt to measure changes in the impedance
by back gating the sample. It is likely that it will be possible to
measure changes in the impedance very precisely as the bias is
swept from positive to negative. Moreover, by going to the
high bias regime/large conductivity regime, we should be
insensitive to influence of the substrate impedance and will be
able to isolate the graphene conductance more precisely.
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