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The complex refractive index of graphene fabricated using chemical vapor deposition is
characterized at 1550 nm wavelength through the reflectivity measurement on a SiO,/Si substrate.
The observed tunability of the complex reflective index as the function of gate electric voltage is in
agreement with the prediction based on the Kubo formula. © 20715 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906349]

Composed of a single layer of carbon atoms with honey-
comb lattice, graphene is a promising two-dimensional mate-
rial for many potential applications in electronics and
photonics. The low-energy band structure of graphene can
be described by a pair of Dirac cones.'” At absolute zero
temperature, the Fermi energy is at the charge neutrality
point (Dirac point) where the lower energy cone is com-
pletely filled while the upper one is empty. Owing to the low
density of states, the chemical potential in graphene can be
modulated by an external gate voltage to populate electrons
to the upper cone or deplete electrons from the lower cone.
Thus, the tunability of chemical potential is a key to electri-
cally regulating the optical transition of graphene-based
devices. The excellent electrical properties of graphene, such
as high carrier mobility and electrical conductivity, have
been well studied and applied to build high-frequency field-
effect transistors (FETs).> The unique optical properties of
graphene have been applied to create gas sensors,* plasmonic
resonators in terahertz,” and electro-absorption optical mod-
ulators at 1550 nm wavelength.® Very recently, a variety of
graphene based photonic nanostructures and devices have
been theoretically proposed for operation in the optical com-
munication wavelengths based on the tunable nature of gra-
phene complex refractive index.”® Thus, to bridge the gap
between models and device realization, it is essential to
accurately evaluate the refractive index of graphene at
1550 nm wavelength as the function of chemical potential.
Most characterizations of graphene dielectric constant have
been so far in Visible,9 mid—infrared,2 and terahertz’ wave-
length ranges. We report here that the voltage-dependent
reflectivity at 1550nm wavelength measured on a back-
gated chemical vapor deposition-derived (CVD) graphene on
SiO,/Si substrate is in agreement with the calculated result
based on the Kubo formula.'® Hysteresis of reflectivity in
response to the sweep of the applied gate voltage is also
observed due to the process of charge trapping and storage in
graphene.

Graphene used in this experiment was grown on com-
mercial copper foils with 25 um thickness (Alfa Aesar, item
No. 13382) at ~1000°C in a chemical vapor deposition sys-
tem using a similar procedure as described elsewhere.'' A
mixture of CHy (35 sccm) and H, (2 sccm) was used as the
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gas precursors. The Cu foil was heated to the growth temper-
ature of 1000°C, and then 35 sccm CH4 was introduced to
initiate the graphene growth at a total pressure of 500 mTorr.
After 30 min of growth, a continuous monolayer graphene
film was grown on the Cu foil. Poly-methyl methacrylate
(PMMA) was spin-coated on one side of the as-grown gra-
phene before the sample was immersed into iron chloride so-
lution (0.1 g m1™") for removal of the copper foil. Graphene
films were transferred onto the SiO,/Si substrates, and the
thickness of the SiO, layer is 90 nm. Wire bounding was
simply made of a small drop of silver paste directly on mm-
size CVD graphene to establish the electrical connection
through a gold wire. Thus, the electrical potential between
graphene and silicon substrate can be varied through the
applied gate voltage. The sample was finally placed on an
electrically controlled 3D translation stage. Graphene FETs
on Si0,/Si substrates were also fabricated for electrical char-
acterization using procedures reported previously.'?

Fig. 1 shows the experimental setup. A fiber pigtailed
laser diode at 1550 nm wavelength was used in the experi-
ment with spectral linewidth of approximately 10 MHz. The
laser output was collimated into the system and focused on
the sample through a 20 x objective lens, and the spot diame-
ter on the sample was typically about 5 um. The light
reflected from the sample was collected through a 50% beam
splitter and detected by a photodetector. A microscope was
inserted in the optical system to observe the position of the
light spot on graphene sample. A lock-in amplifier was used
to improve the signal-to-noise ratio. Optical signal modula-
tion for synchronizing the lock-in amplifier could be applied
either through a mechanical chopper in front of the
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FIG. 1. Experimental setup.

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4906349
http://dx.doi.org/10.1063/1.4906349
http://dx.doi.org/10.1063/1.4906349
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4906349&domain=pdf&date_stamp=2015-01-21

031109-2 Xu et al.

Appl. Phys. Lett. 106, 031109 (2015)

1.01 |

Normalized reflectivity

o
©
a

FIG. 2. Normalized power reflectivity
from sample surface measured with
beam scanning across the edge of
single-layer graphene in the forward
(red) and backward (black) directions.
No gate voltage is applied.
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photodetector or through a modulation on the gate voltage of
the sample. A computer was used to control the motion of
the translation stage, to adjust the gate voltage, and to ac-
quire data from the lock-in amplifier. Fig. 2 shows the nor-
malized reflectivity as the function of the beam position with
the laser beam scanning across the edge of the graphene with
zero gate voltage. In this measurement, lock-in amplifier was
synchronized with the mechanical chopper in front of the
photodetector. This allowed the measurement of reflectivity
change from the sample surface when the laser beam
scanned across areas with and without the graphene, which
is approximately 1.1% as shown in Fig. 2. To confirm the
repeatability of the measurement, the laser beam was
scanned both in the forward and backward directions along
the same line, and the results are almost identical. The sharp
notch of reflectivity measured at the graphene edge shown in
Fig. 2 was attributed to the unavoidable fabrication imper-
fections to the graphene edges along with the effect of
diffraction.

In order to measure the variation of optical power reflec-
tivity R as the function of the applied gate voltage V, the
position of the laser beam was fixed on the graphene. As this
variation was expected to be less than 1%, the system had to
be stable enough, and the impact from laser power variation
and interference caused by reflections from various optical
components in the system had to be minimized. Thus, in this
measurement, instead of using the mechanical chopper, a
5kHz sinusoid voltage waveform with 2V, amplitude was
directly applied on the graphene to synchronize the lock-in
amplifier. An adjustable DC gate voltage was added to the
small-signal modulating waveform through a bias-tee as
illustrated in Fig.1. This is equivalent to a small-signal mod-
ulation on chemical potential of the graphene, and therefore
the lock-in amplifier actually measures the differential reflec-
tivity oR(V)/oV. Fig. 3 shows the differential reflectivity
measured on the graphene when the DC bias voltage was lin-
early ramped up and down between —20.6 V and 28.6 V, and
the rate of this voltage scan was approximately 1.1 V/s. The
gate voltage-dependent differential reflectivity shown in Fig.
3 demonstrates the tunability of graphene complex reflectiv-
ity, which is clearly not a linear function of the applied gate
voltage. The measured 0R(V)/0V characteristics also depend
on optical interference of the multi-layered structure of SiO,/
Si substrate. Another observation of Fig. 3 is that SR(V)/o0V
depends on the direction of voltage scan, and this hysteresis
is attributed to the charge trapping and storage in graphene.

The fundamental optical properties of graphene have
been studied theoretically in recent years, and the complex
conductivity of graphene can be expressed by the Kubo for-
mula as'”
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where o is the optical frequency, e is the electron charge,
= h/2n is the reduced Planck’s constant, and f;(¢) = 1/
(el=#)/ksT 1 1) is the Fermi-Dirac distribution function. ¢ is
the energy, kp is the Boltzmann’s constant, 7 is the tempera-
ture, and AT" = 5mV is the scattering parameter.” . is the
chemical potential which is determined by charge accumula-
tion on the graphene. The value of y. can be varied by an
applied gate voltage V through the silicon oxide capacitance
between the graphene and the silicon substrate as
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where ¢,, and d,,, are the dielectric constant and the thickness
of SiO, layer, and V), is the Dirac voltage determined by the
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FIG. 3. Measured differential reflectivity (continuous line) and the applied
linear scan of gate voltage (dashed line) as the function of time.
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FIG. 4. Source-drain current versus gate voltage curves taken on a represen-
tative graphene FET structure in air (solid line) and in vacuum (dashed line).

unintentional doping of the graphene from the substrate and its
surrounding environment. v =~ 0.75 X 10° m/ s is the Fermi
velocity,” which was found to be dependent on the property of
the substrate.'> We observed that when graphene sample was
exposed to the open air, Vj, might increase dramatically.'’!?
Fig. 4 shows representative curves of source-drain current, /sp,
as the function of the gate voltage measured in an FET device
made of the same batch of graphene on the SiO,(90 nm)/Si
substrate. Although the V), value corresponding to the mini-
mum of [gp was approximately zero when the sample was
placed in vacuum, V) moved beyond the measurable voltage
window after the sample was exposed to the air. The maxi-
mum applicable gate voltage was primarily limited by the
practical dielectric strength of silicon oxide of ~0.5 V/nm,
corresponding to about *45V in this case. Consistent
result was obtained on more than 10 similar FETs. Because
our optical characterization was performed in the open air
under ambient conditions, the Dirac point was expected to be
in exceeding 45 V. Raman spectroscopy is widely employed to
characterize the structural and electronic properties of gra-
phene materials, including number of layers, stacking order,
and band structures, providing information on the tangential
G-band derived from the in-plane vibration of the sp® carbon
atoms, the 2D-band originated from the two-phonon double
resonance, and the disorder-induced D-band.'*'> Fig. 5 shows
a typical Raman spectrum of the monolayer graphene films
transferred onto the SiO,/Si substrate (black), and that after

rD-band

1500

Intensity (a.u.)

2000 2500 3000

Raman shift (cm™)

FIG. 5. Measured Raman spectra of the monolayer graphene transferred on
the SiO,/Si substrate (top) and after the electric and optical characterization
(bottom). The laser excitation wavelength is 488 nm.
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the optical characterization was completed (red). These Raman
spectra were taken with a confocal micro-Raman system
(WITec, alpha-300) using laser excitation at 488nm
wavelength. On both spectra, two characteristic peaks of gra-
phene, ie., 2D-band at ~2687 cm~ ! the G-band at
~1581cm™ !, are cleanly shown. The high ratio between
2D-peak and G-peak near or above 2 is the signature of mono-
layer graphene.'> D-band at ~1349 cm ™ is negligible immedi-
ately after the graphene transfer (black), which is indicative of
the high quality of the monolayer graphene. However, a small
D-peak with ~7% of magnitude of the intrinsic 2D-peak
becomes visible after the optical characterization, suggesting
that minor damages to graphene may have occurred during
electrode deposition and the following characterization of both
electric and optical properties, as well as the exposure to open
air for an extended period of time.

The conductivity predicted by the Kubo formula'® can
be converted into a complex refractive index as,
ny = /1 — jo/(wend,), where ¢ is the free space dielectric
constant and J, =0.34nm is the thickness of a single layer
graphene. The normalized change of the power reflectivity
on the sample surface without and with the graphene can be
calculated based on the multilayer interference theory as’

AR /Ry = 75, - Re{(1 — n3) (1 + r0)’/(rd)},  3)

where 1 is the optical field reflectivity of the substrate without
graphene and A is the wavelength. For the SiO,/Si substrate,
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FIG. 6. (a) Calculated complex index based on Kubo formula. (b)
Normalized power reflectivity change due to graphene layer on substrate
(continuous line) and measured value extracted from Fig. 3. (c) Calculated
(continuous line) and measured (dots) differential reflectivity as the func-
tions of chemical potential (top horizontal axis) and gate voltage (bottom
horizontal axis). Inset: enlarged views of measured differential reflectivity
with different voltage scan windows, indicating hysteresis characteristic.
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ro = (,»Olgiﬁu.vdm 4 rlzefjﬂmdux)/(@/ﬁldl 4 I‘oli‘lzefjﬂ""d““) and
Ry = |ro 2. where Pox=2mn,, /A is the propagation constant
of the oxide layer, and ro; = (o — 1)/(noy + 1) and rp
= (ng — nyy)/(ns + n,y) are Fresnel reflectivities at air/SiO,
and Si0O,/Si interfaces, respectively, with n,, and ng refractive
indices of SiO, and Si. Fig. 6(a) shows the real and imaginary
parts of the graphene refractive index as the function of chem-
ical potential calculated from Eq. (1). The bottom horizontal
axis of Fig. 6 indicates the applied gate voltage, which is
related to the chemical potential through Eq. (2). We used
Vp=74V and d,,=95nm to obtain the best fit to the meas-
ured results. The solid line in Fig. 6(b) is the graphene induced
power reflectivity change calculated from Eq. (3), and the
solid dot indicates AR/Ry = 1.1% at the gate voltage V=0,
as shown in Fig. 2. The continuous line in Fig. 6(c) shows the
calculated differential reflectivity oR(V)/dV, which is the de-
rivative of the solid line in Fig. 6(b). Dotted lines in Fig. 6(c)
are 0R(V)/0V measured with linear scanning of the gate volt-
age V, and the results agree reasonably well with the calcu-
lated values, except for the apparent hysteresis in the
measured curves that are not considered in the theoretical
model. The insets in Fig. 6(c) show enlarged views of the
measured differential reflectivity R for the gate voltage scan
between —29 V and +20V (bottom left), and between —20V
and +29V (top right). Hysteresis is clearly shown in both of
the two measurements, indicating different reflectivity
changes corresponding to the ramp-up and ramp-down pro-
cess of the applied voltage. The hysteresis loop is wider when
the graphene is biased closer to the Dirac point. The character-
istic of hysteresis has been previously reported in gate voltage
dependent I in graphene-based FET structures,'®!” but not
for the optical properties such as the change of power reflec-
tivity. This effect has to be considered in the design and appli-
cation of graphene based photonic devices.

In summary, the reflectivity variation across the edge of
CVD graphene on a SiO,(90 nm)/Si substrate was measured
at 1550 nm optical communications wavelength. The meas-
ured change of reflectivity as the function of applied gate
voltage agrees reasonably well with the theoretical predic-
tion based on modeling using the Kubo formula. This verifies
the tunability of complex refractive index of graphene,
which is the most important parameter for the design of gra-
phene based photonic devices for optical communications.
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