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G
raphene is a promising material for
photonic and optoelectronic appli-
cations, due to its strong interaction

with light in a broad wavelength range.1�13

Graphene exhibits universal optical conduc-
tivity e2/4p resulting from interband transi-
tions, where e is the electron charge and p is
the Plank constant, leading to 2.3% absorp-
tion for vertical incidence photons in free-
standing graphene fromvisible to infrared.2,14

Moreover, due to Pauli blocking, the inter-
band absorption of photons with energy
below 2|EF|, where EF is the energy difference
at the Fermi level and Dirac point, is
suppressed.4 In the far-IR and terahertz re-
gions, however, intraband transitions or free
carriers dominate. The frequency depen-
dence of free carrier response in graphene
can be described by the Drude model
using the dynamical conductivityσ(ω) = (iD)/
(π(ω þ iΓ)), where D is the Drude weight
and Γ is the carrier scattering rate.10,11 The
Drudeweight,D, expressed as (vFe

2/p)(π|n|)1/2

for massless Dirac fermions in single-layer
graphene, where vF is the Fermi velocity, has
different dependence on the carrier con-
centration n from that of the conventional
massive fermions.
As pristine graphene is gapless and a

tunable, moderate band gap can be engi-
neered using symmetry breaking schemes,
it exhibits particularly strong potential in
far-IR and terahertz optoelectronics.15 Char-
acterization of wafer-scale graphene in the
IR and terahertz range is a crucial step in the
development of graphene optoelectronic
devices. Previously, broad-band optical ab-
sorption measurements of few and multi-
layer epitaxial graphene down to the tera-
hertz range provided useful information of
layer number as well as doping levels.16,17

Large-area graphene samples produced by
chemical vapor phase deposition (CVD)
were also studied.18�20 The free carrier re-
sponse of back-gated CVD graphene de-
vices in the far-IR was carefully examined

by Horng et al.18 for carrier densities below
7� 1012 cm�2. A reduction of Drude weight
was observed.

RESULTS AND DISCUSSION

In this article, we report our comprehen-
sive studies of few-layer wafer-scale epitaxi-
al and CVD graphene by infrared spectro-
scopy. The epitaxial graphene samples were
grown through silicon sublimation of 2 in.
silicon carbide (SiC) wafers on the silicon
face at a temperature of 1550 �C under
argon atmosphere with a chamber pressure
of 3.5 mTorr.21 The thickness of the gra-
phene layers was controlled by the graphe-
nization time, which was 2 min for sample 1
and 10 min for sample 2. Figure 1a,b shows
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ABSTRACT

We report spectroscopy results from the mid- to far-infrared on wafer-scale graphene, grown

either epitaxially on silicon carbide or by chemical vapor deposition. The free carrier absorption

(Drude peak) is simultaneously obtained with the universal optical conductivity (due to

interband transitions) and the wavelength at which Pauli blocking occurs due to band filling.

From these, the graphene layer number, doping level, sheet resistivity, carrier mobility, and

scattering rate can be inferred. The mid-IR absorption of epitaxial two-layer graphene shows a

less pronounced peak at 0.37 ( 0.02 eV compared to that in exfoliated bilayer graphene. In

heavily chemically doped single-layer graphene, a record high transmission reduction due to

free carriers approaching 40% at 250 μm (40 cm�1) is measured in this atomically thin

material, supporting the great potential of graphene in far-infrared and terahertz

optoelectronics.

KEYWORDS: infrared spectroscopy . graphene . Drude weight . chemical
doping
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the atomic force microscopic (AFM) images of the
samples 1 and 2, respectively. Sample 1 mainly consists
of single-layer graphene, with some bilayer and blank
areas. Sample 2 is covered mostly by bilayer graphene
with small trilayer areas. Before the infrared spectroscopy
measurement, the carbon face graphene on the back of
the SiC substrate was removed through a brief exposure
to oxygen plasma. Single-layer CVD graphene was
grown on copper foil and subsequently transferred to

a quartz substrate.22 Figure 1c is the microscope image
of the transferred graphene on the quartz substrate. The
size of the graphene is about 1.5 cm by 1.5 cm. The
Raman spectrum of the CVD graphene is shown in
Figure 1d, and the small D mode to G mode intensity
ratio indicates the high quality of this CVD graphene.
The spectra of reduction in transmission for epitaxial

graphene samples 1 and 2 are shown in Figure 2, with
the inset focusing on the mid-IR range. We were not

Figure 1. Microscopic characterization of wafer-scale graphene. (a,b) Atomic force microscopic images in height (left) and
phase mode (right) of the epitaxial graphene samples 1 (a) and 2 (b). The median brown regions in the AFM phase image (on
the right) of (a) indicate single-layer graphene. Small areas of dark brown regions, somemarked by white ellipses, are buffer
layer. The light brown regions, some of themmarked with yellow ellipses, consist of two layers of graphene. The majority of
the area in the phase image of (b) (light yellow color) is covered by two layers of graphene. Small area of trilayer graphene
(dark brown region, some of themmarked with ellipses) is also visible. (c) Microscopic image of the CVD graphene on quartz.
(d) Raman spectrum of the CVD graphene shown in (c). D, G, and 2D modes are indicated.
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able to measure the absorption spectra in the restrah-
len band (600 to 1800 cm�1) of SiC due to the near zero
transmission. Some small but sharp features near
2900 cm�1 come from C�H vibration bands due to
water adsorption on graphene.23 They also show up in
CVD graphene absorption spectra (Figure 3 inset). For
both samples, the absorption is rather flat in a broad
range in the mid-IR. This is a consequence of interband
transitions of Dirac fermions, which result in a fre-
quency-independent optical conductivity. The value
of the absorption is proportional to the average layer
number of the graphene anddepends on the refractive
index of the substrate as well. By applying eq 4 in the
Methods sectionwith ns = 2.55 and fitting the relatively
flat part of the data (the red curves in the mid-IR range
of Figure 2 are fitting curves), we obtain the layer
number N = 1.5 ( 0.2 for sample 1 and N = 2.0 ( 0.2
for sample 2. This is in good agreement with AFM
images shown in Figure 1a,b, although theAFM images
only provide local information. Due to Pauli blocking,
both samples 1 and 2 show reduced absorption in the
lower wavenumber region (below 2700 cm�1), as shown
in Figure 2. In these two cases, we are unable to estimate
the Fermi level from the Pauli blocking because of the
restrahlen band of the SiC substrate. However, with the
carrier density obtained from the far-IR measurements as
mentioned later, we could fit each absorption curve in
the mid-IR range with a Gaussian broadened step func-
tion (red curves in Figure 2).
A notable deviation from the fitting for sample 2 is

the broad peak at 0.37 ( 0.02 eV (2850 ( 150 cm�1),
indicated by the green arrow in the inset. Similar
absorption peaks in the mid-IR, usually much stronger
and sharper, were previously observed in exfoli-
ated bilayer and multilayer graphene.9,13 They are

associated with the different band structures of the
multilayer graphene flakes. Bernal-stacked bilayer gra-
phene shows an absorption peak at around 0.37 eV,
and the peak absorption can reach about two times of
the universal value, depending on the doping level.9,24

We attribute the broad peak in Figure 2 to the ex-
istence of the Bernal-stacked bilayer graphene on the
epitaxial wafer. However, the peak absorption is only
about 10% larger compared with the universal value.
Multilayer epitaxial graphene on the Si face is generally
believed to have Bernal (AB) stacking,25 which is quite
different from C face graphene. Scanning tunneling
microscopic studies show deviations from Bernal
stacking in some areas.26,27 Our results suggest that
only a small fraction of the bilayer epitaxial graphene
from the Si face has perfect Bernal (AB) stacking. This is
consistent with Raman measurements which rarely
show Bernal stacking signature in the 2Dmode for this
sample and other similar bilayer samples (see Support-
ing Information).28 The Raman 2D mode is a widely
used fingerprint to unambiguously identify Bernal-
stacked bilayer graphene prepared through exfoli-
ation.29 Recent transport measurements indicate the
existence of a band gap in biased bilayer graphene on
SiC much smaller than that in exfoliated graphene.30 Our
infrared spectroscopy results are also consistent with
these transport observations. The exact nature of the
stacking and interlayer coupling for epitaxial multilayer
graphene needs further investigation. In the single-layer
epitaxial graphene extinction spectrum, there exists a
weak and broad peak around 4500 cm�1, which also
varies from sample to sample. The peak-to-valley ampli-
tude is only around 0.1%. The possible causes can be the

Figure 2. Infrared absorption spectra of epitaxial graphene.
The red curves in the far-IR region are calculated resultswith
the Drude model using parameters mentioned in the main
text. Inset: enlarged view of the mid-IR absorption curves.
The red curves in mid-IR denote the values calculated using
universal optical conductivity and Pauli blocking with layer
number N = 1.5 and 2 for samples 1 and 2, respectively. The
green arrow in the inset points to the absorption peak from
Bernal-stacked bilayer graphene covering the surface partially.

Figure 3. Infrared absorption spectra of CVD graphene on
quartz. The red curve in far-IR is the fitting based on the
Drude model using parameters presented in the main text.
Less noise in the far-IR spectrum than that in Figure 2 is due
to the higher light source power used. Inset: enlarged view
of the spectrum in mid-IR region with a sketch for the
interband transitions. Red curve is the fitting based on Pauli
blocking in mid-IR. The blue line is the universal interband
absorption for single-layer graphene on quartz. 2|EF| is indi-
cated by the gray arrow. The Dirac cone of graphene is also
shown in the inset. Photons with energy smaller than 2|EF|
cannot be absorbed by graphene due to Pauli blocking.
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non-uniformity in the samples and uncertainty in the
measurements.
In the far-IR region, the absorption increases rapidly

with decreasing frequency in both samples due to free
carrier absorption, as shown in Figure 2. The Drude
conductivity is

σ(ω) ¼ iD

π(ωþ iΓ)
(1)

We fit the data using eqs 1 and 3 (seeMethods), with
D and Γ as fitting parameters. Note that the approxi-
mated expression eq 4 was not used since the Drude
absorption is more pronounced and both the real and
imaginary parts of the Drude conductivity have to be
taken into account. The red curves in the far-IR are the
fitting results with D = 6.3 � 103 e2/h cm�1, Γ =
269 cm�1 for sample 1, and D = 1.2 � 104 e2/h cm�1,
Γ = 239 cm�1 for sample 2. It should be noted that the
Drude weight depends on the thickness of the multi-
layer graphene. Since our graphene samples are 1�2
layers thick and only a small fraction is Bernal-stacked,
it is suitable to assume that the carriers are distributed
equally in each independent layer.31 As a conse-
quence, D = N(vFe

2/p)(π|n|/N)1/2 = (vFe
2/p)(πN|n|)1/2,

where N is the layer numbers. With this, carrier den-
sities of 0.6 � 1012 cm�2 for sample 1 and 1.6 �
1012 cm�2 for sample 2 can be derived. The carrier
type cannot be determined from the infraredmeasure-
ment. Furthermore, by extrapolating the optical con-
ductivity to zero frequency, the dc conductivity can be
obtained. The dc mobility can then be calculated from
the carrier density and the conductivity. The mobilities
thus obtained are 2940 cm2/(V 3 s) for sample 1 and
2350 cm2/(V 3 s) for sample 2. We also performed Hall
measurements in a van der Pauw configuration to
check the carrier density and mobility. We cut samples
1 and 2 into 1 cm by 1 cm squares. To avoid extra
doping commonly introduced in device fabrication
processes, those two samples were directly contacted
without processing. Both samples were found to be
electron-doped, and themeasured carrier densities are
0.8 � 1012 and 1.7 � 1012 cm�2 for samples 1 and 2,
respectively, in good agreement with the values ob-
tained from the far-IR measurements. The measured
Hall mobilities are 783 cm2/(V 3 s) for sample 1 and
1360 cm2/(V 3 s) for sample 2. The extrapolated mobil-
ities from the far-IR measurements are larger than
those obtained using Hall measurements, especially
for sample 1. This discrepancy is largely due to the fact
that any discontinuity of the 1 cm by 1 cm graphene
film can strongly affect the dc transport mobility but
has smaller effect on the optical conductivity in the
terahertz range. Thinner samples are likely to have
more discontinuities, which can explain the larger
discrepancy observed for sample 1. Besides, the mo-
bilities from the van der Pauw measurements are
averaged over the whole 1 cm by 1 cm wafer, while

the infrared measurements are for 2 mm size areas.
Nevertheless, the derived mobility from the Drude
conductivity in the far-IR is very close to the measured
mobility through transport on micrometer-sized sam-
ples used in most of the transport studies.
Besides the epitaxial graphene, large-area CVD gra-

phene was also investigated. Figure 3 shows the
absorption spectrum of CVD graphene on quartz. The
spectra from 250 to 270 cm�1 and 320 to 2100 cm�1

are not accessible due to the strong absorption of the
quartz substrate in these wavelength ranges. With
decreasing photon frequency in the mid-IR, the ab-
sorption decreases from 1.9 to 0.4% due to Pauli
blocking; in the far-IR, the absorption increases rapidly
to 25% at 40 cm�1 (1.2 THz in frequency, or 250 μm in
wavelength) due to free carrier absorption. The inset of
Figure 3 is an enlarged view of the mid-IR spectrum.
The blue line is the universal interband absorption of
single-layer graphene on a quartz substrate (index of
refraction ns = 1.44 for quartz in mid-IR). The red curve
is a fitted absorption spectrum using a phenomenolo-
gical Gaussian broadened step functionwhich includes
doping inhomogeneity, temperature effect, and other
broadening mechanisms. The full width at half-
maximum (fwhm) of theGaussian function is 2001 cm�1

and centered at 5501.6 cm�1, corresponding to |EF| of
341meV (or a carrier density n of 7.1� 1012 cm�2). The
Fermi level was further confirmed by Raman spectros-
copy. A typical Raman spectrum in Figure 1d shows
that both the G and 2D modes are stiffened if com-
pared with those in intrinsic graphene. The G mode
frequency can be used to estimate the Fermi level:32,33

ωG � 1580 cm�1 ¼ (42 cm�1=eV)� jEFj (2)

In addition, the stiffening of the 2D mode is an
indication of hole doping.34 We mapped an 80 μm by
60 μm area and obtained an average Fermi level of
�321 meV (see Supporting Information); this is in good
agreement with the Fermi level estimated from the
location of the Pauli blocking. Besides, Raman mapping
also indicates that the doping is inhomogeneous across
the sample. This has considerable contribution to the
broadeningof theabsorption stepat 2|EF| (see Supporting
Information).
In the far-IR region, the Drude model describes the

dependence of the absorption on frequency accu-
rately, as shown in Figure 3. Note that the index of
refraction of quartz in the far-IR region is 2.14,35 which
is different from that inmid-IR. The red curve in Figure 3
is the fitting curve using the Drude model with fitting
parameters D = 1.24 � 104 e2/h cm�1 and Γ =
102 cm�1. By extrapolating the Drude model to zero
frequency, we obtain the dc sheet resistance Fs of
670 Ω/0. Furthermore, in conjunction with the carrier
density obtained from the location of Pauli blocking (or
Raman scattering), a hole mobility of 1300 cm2/(V 3 s) is
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obtained.Both thesheet resistanceandmobility areamong
typical values obtained through transport measurements
for similar CVD graphene samples.36 The Drude weight, D,
can also be calculated using D = (vFe

2/p)(π|n|)1/2 since the
carrier density can be derived from the location of Pauli
blocking. The calculated D is 1.7� 104 e2/h cm�1, and the
directly measured D through the far-IR absorption is about
28% smaller. This is consistent with the recent findings by
Horng et al., although the carrier density is higher in our
case.18 Themechanisms forDrudeweight reductionarenot
clear at this stage. One of the theoretical studies even
predicts Drude weight enhancement if electron�electron
interactions are taken into account.37 It should also be
noted that the reduction of Drude weight varies signifi-
cantly from sample to sample.

To study the infrared response of graphene under
extremely high carrier density, the CVD graphene was
soaked into the solution of a single electron oxidant OA
((C2H5)3OSbCl6) for half an hour to introduce extra hole
doping.38,39 Figure 4b shows the G mode Raman
spectra before and after the chemical doping. An
upshift is observed, from which a hole density of 1.9�
1013 cm�2 is inferred, almost 3 times greater than that
of the as-prepared CVD graphene. Corresponding
changes in the infrared absorption spectra are pre-
sented in Figure 4a. First, as depicted in the inset, the
absorption in the entire mid-IR region is suppressed
due to Pauli blocking and the 2|EF| is beyond our
measurement range. This is consistent with the Raman
scattering measurements, from which 2|EF| of 1.12 eV
(8929 cm�1) is inferred. Second, the far-IR absorption
increases to 37% at 40 cm�1, and the Drudemodel (red
curve) can still be used to describe the absorption in
the far-IR perfectly, with fitting parameters D = 1.8 �
104 e2/h cm�1 and Γ = 91 cm�1. In this case, the Drude
weight obtained from far-IR absorption measurements
is about 35% smaller if compared to the theoretical
value (D = 2.8 � 104 e2/h cm�1).
Finally, a few comments should be made about the

carrier scattering rate Γ. The two epitaxial samples
have similar scattering rate of ∼270 cm�1, which
corresponds to a scattering time of 20 fs. The CVD
graphene has smaller scattering rate of ∼100 cm�1

(scattering time of ∼50 fs), and it decreases slightly
with the presence of chemical absorbates from the
chemical doping. The difference for the scattering rate
between epitaxial and CVD graphene can be due to
the different sample quality, the surfacemorphology, and
the doping concentration. The scattering timesmeasured
here are consistent with transport measurements.40

CONCLUSIONS

To conclude, we demonstrate that infrared spectros-
copy is an excellent technique to characterize wafer-
scale graphene in a noninvasivemanner. We show that
through the analysis of the extinction spectra in mid-
and far-IR ranges simultaneously, layer number, dop-
ing, sheet resistivity, carrier mobility, and scattering
rate can be inferred. For chemically doped CVD gra-
phene, the reduction of transmission in far-IR in this
atomically thin film approaches 40%, demonstrating
the great potential of this novel two-dimensional
material in far-IR and terahertz applications, such as
terahertz detectors and imagers.

METHODS

Nicolet 8700 FT-IR spectrometer was used to perform the
absorption measurement in a transmission geometry. Two
detectors, liquid nitrogen cooled mercury�cadmium�telluride
(MCT) detector and liquid helium cooled bolometer, were used

to cover mid-IR (650 to 7500 cm�1) and far-IR (40 to 700 cm�1)
regions, in conjunction with potassium bromide (KBr) and solid
substrate beam splitters, respectively. We measured the trans-
mission and reference spectra (T and T0) through the substrate
with graphene and the bare substrate. For epitaxial graphene,
a blank silicon carbide wafer was used for reference purposes.

Figure 4. Impact of chemical doping on the infrared ab-
sorption spectrumof CVDgraphene. (a) Infrared absorption
spectra for the CVD graphene before (green) and after (gray)
chemical doping. Red curves are fitting results using Drude
model. Inset: enlarged view in themid-IR region. The blue line
is the universal interband absorption for single-layer gra-
phene on quartz. (b) G mode Raman spectra for the CVD
graphene before (green) and after (gray) chemical doping,
from which the doping concentration can be estimated.
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The vertical incidence infrared beam size on the sample is
about 2 mm in diameter. All measurements were done at
room temperature in a nitrogen environment. For graphene
on a substrate with index of refraction ns, the reduction
in transmission 1 � T/T0 is related to the complex opti-
cal conductivity σ(ω) = σ0(ω) þ iσ00(ω) in the following
way:16,17

1 � T=T0 ¼ 1 � 1

j1þZ0σ(ω)=(1þ ns)j2
(3)

where Z0 is the vacuum impedance, (μ0/ε0)
1/2, and ω is the

frequency. When the reduction in transmission is small, it
only depends on the real part of the conductivity σ0 :

1 � T=T0 ¼ 2Z0σ0(ω)
1þ ns

(4)

Therefore, through the spectroscopy measurement, we can
derive the real part of the optical conductivity in a broad
spectral range. We use the Drude conductivity for the far-IR
region and the universal optical conductivity and Pauli
blocking in the mid-IR to analyze the data.
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