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We demonstrate experimentally close to total absorption in monolayer graphene based on critical
coupling with guided resonances in transfer printed photonic crystal Fano resonance filters at near
infrared. Measured peak absorptions of 35% and 85% were obtained from cavity coupled
monolayer graphene for the structures without and with back reflectors, respectively. These
measured values agree very well with the theoretical values predicted with the coupled mode
theory based critical coupling design. Such strong light-matter interactions can lead to extremely
compact and high performance photonic devices based on large area monolayer graphene and other

two—dimensional materials. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901181]

Over the past decade, the unique electronic and optical
properties of graphene have generated strong interests in
developing optoelectronic and electronic devices based on
graphene and other layered two—dimensional material.'™®
However, the nature of ultra-thin monolayer structure limits
their optical properties on light absorption and emission. A
suspended atomically thin layer (~0.34nm thickness) of
intrinsic graphene exhibits absorption of 2.3% in the infrared
to visible spectral range for surface-normal vertically inci-
dent light.” The weak optical absorption of monolayer gra-
phene limits its photoresponsivity for graphene-based
photodetectors.®” Increasing the light-matter interactions in
graphene is highly desirable for high-performance graphene-
based optical devices.

Enhancement of graphene absorption up to 100% (total
absorption) has been investigated in both the visible and
infrared spectral ranges.'® At mid- and far-infrared, graphene
exhibits a strong plasmonic response, where enhanced
absorption can be achieved via patterned graphene struc-
tures, or coupling unpatterned graphene layer with metallic
or dielectric grating structures. At shorter optical wave-
lengths (visible and near-infrared, with wavelength
A< 2 pum), the plasmonic resonance is absent for undoped,
unpatterned graphene. Enhanced absorption in graphene at
near infrared has been proposed by placing graphene inside
various micro- and nano-cavities, such as integrating gra-
phene with silicon photonic waveguide,'' photonic crystal
line defect cavities,'? plasmonic nanostructures,13 14 and
other photonic structures.'>™'®

Recently, Piper and Fan proposed a fotal absorption
scheme in the optical regime by coupling unpatterned mono-
layer graphene with patterned defect-free photonic crystal slab
(PCS) via critical coupling with guided resonance.'® The
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out-of-the-plane optical mode coupling is feasible with the
Fano or guided resonance effect associated with defect-free
PCS, where these in-plane guided resonances above the light-
line (leaky mode) are also strongly coupled to the out-of-the-
plane radiation modes due to phase matching provided by the
periodic PCS lattice structure. Based on coupled mode theory,
total absorption in graphene has been theoretically demon-
strated by critical coupling to a guided resonance of a PCS
with a back reflector, either a lossless metallic mirror or a real-
istic multilayer dielectric mirror, in the visible and near-
infrared regime.'® Additionally, the authors also proposed and
investigated another generalized total absorption scheme via
degenerate critical coupling.'” In this case, total absorption
can be also achieved even without a back reflector.

In this paper, we report experimental demonstrations of
the critically coupled total absorption from monolayer gra-
phene at 1550 nm near-infrared wavelength range, based on
two step transfer printing process to form the desired multi-
layer stacking structure on a transparent glass substrate. As
shown schematically in Fig. 1(a), the structure considered
here consists of a monolayer graphene transferred onto a sili-
con PCS on a glass substrate. For a symmetric two-port sys-
tem supporting a single resonance, the theoretical maximum
of absorption due to the resonance is 50%.'® For the system,
since the index contrast between silica below the silicon
layer and air above the silicon layer is sufficiently small,
such that as a simple approximation one can consider this to
be a symmetric structure. To achieve total (100%) absorp-
tion, a perfect back (metal) reflector can be introduced, as
shown schematically in Fig. 1(b). Also shown in Figs. 1(c)
and 1(d) are scanning electron micrographs (SEM) and
micrographs of fabricated device structure on silicon-on-in-
sulator (SOI) and on glass substrate, respectively.

The transmission/reflection spectra of these structures
were simulated using the Fourier modal method with

© 2014 AIP Publishing LLC
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FIG. 1. (a) and (b) Schematics of graphene on Si photonic crystal cavity (a)
without and (b) with a back metal reflector; (c) a SEM top view image of the
fabricated Si photonic crystal slab on SOI substrate; and (d) a micro-graph
of the device under study here with a tri-layer configuration (monolayer gra-
phene/Si photonic crystal slab/glass substrate) via two step transfer printing
processes. A zoom-in image shows the patterned Si photonic crystal area
completely covered with large area mono-layer graphene.

Stanford Stratified Structure Solver (S*) software package.”®
We first consider Si PCS on glass structure, without gra-
phene on top. Following similar design procedures reported
we consider Si PCS layer thickness of 249 nm
and index of 3.48. The square lattice constant (a) and air
hole radius (r) were chosen to have operation wavelength
close to 1550 nm spectral band. For the device reported here,
a="770nm and r/a=0.09 (i.e., =70 nm).

Based on the design parameters, Si PCS Fano resonance
filter was first fabricated on a SOI substrate using e-beam li-
thography (EBL) and reactive-ion etching (RIE) processes.*’
The top view SEM of the fabricated photonic crystal struc-
tures on the SOI is shown in Fig. 1(c). After selective-
etching the buried oxide of the patterned SOI section with
pure hydrofluoric acid, the Si PCS was released (detached
from the Si substrate) and transferred onto a glass substrate
with Polydimethylsiloxane (PDMS) stamp using transfer
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printing process.22’24’25 Finally, large area monolayer gra-
phene, grown on copper substrate by chemical vapor deposi-
tion,”® was transferred on top of the Si PCS on glass
substrate, with a thin spun-on Poly(methyl methacrylate)
(PMMA) layer on top as the graphene transfer supporting
layer.?” Shown in Fig. 1(d) is the micrograph of the patterned
Si PCS on a glass substrate, completely covered with a large
area monolayer graphene. Since PMMA is optically trans-
parent at operation wavelength around 1550 nm, all simula-
tions and measurements are carried out with a thin (180 nm)
PMMA layer on top of the monolayer graphene.

Devices were characterized by measuring the surface-

(d) normal transmission (T) and reflection (R) spectra with an
Agilent tunable laser system (spectral coverage from

1468 nm to 1572 nm) with 10 pm resolution and 9 dBm out-
put power. The incident beam goes through an optical circu-
lator, a laser beam collimator, a glass lens, and a beam
splitter. Reflection and transmission spectra were collected
with two optical detectors simultaneously, configured and
calibrated as part of the Agilent lightwave optical return loss

measurement system. The incident beam spot size is
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~150 pum in diameter, much smaller than the 1 mm?® Si PCS
pattern area. Care was taken to ensure that the incident beam
angle is collimated with surface-normal direction.
order to minimize the Fabry-Perot oscillation associated with
the finite glass substrate thickness, a drop of index-matching
oil was applied to the backside of the glass substrate. Finally,
the absorption (A) can be derived based on the equation
A =1-T-R, ignoring very small percentage of other scatter-
ing losses.

Shown in Figs. 2(a) and 2(b) are the measured (solid line)
and simulated (dashed line) transmission (T) and reflection
(R) spectra for the Si PCS Fano filter on glass, without the
transferred graphene layer. The resonance occurs at 1537 nm
with a Q factor of 2100, estimated by fitting with Fano reso-
nance formula.”® To establish a baseline/reference on the
absorption in the structure, measured absorption (A) spectra
for the Si PCS on glass were derived based on A=1-T-R

22,28 In

FIG. 2. (a) and (b) Measured and simu-
lated (a) transmission and (b) reflection
spectra of Si PCS transferred on glass
substrate, with the inset in (b) showing
the zoom-in of the simulated reflection
resonance; (¢) measured transmission
and reflection spectra, and derived
absorption spectrum for the Si PCS on
glass substrate, without graphene
layer; and (d) simulated field distribu-
tions for on-resonance (1537 nm) and
off-resonance (1550nm) modes, with
the x, y, and z coordinates defined in
Fig. 1(a).
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FIG. 3. (a) Measured (solid line) and simulated (dashed line) transmission
(T) and reflection (R) spectra for the monolayer graphene on Si PCS without
back reflector, as shown in Fig. 1(a); and (b) measured and simulated
absorption (A) spectra for the monolayer graphene on Si PCS without back
reflector.

with the results shown in Fig. 2(c). Notice in theory that the
absorption should be zero as Si is non-absorbing at this wave-
length region. However, we do see a 5% absorption peak
around resonance. This measurement artifact is largely related
to the measurement resolution limit and the impact of the
non-ideal surface-normal incident angle.

Resonance modal properties were also investigated.
Snapshots of the electrical field [E[* in plane (x-y cross-
sectional plane through the center of the silicon slab) and
along cross-sectional planes (x-z and y-z planes) are shown
in Fig. 2(d), for on- and off-resonance locations. Well
defined confinement mode can be seen for the on-resonance
condition.

After transferring monolayer graphene onto the Si PCS,
the device was characterized again by measuring transmis-
sion and reflection, as shown in Fig. 3(a). Notice that the
measured resonant wavelength red-shifted to 1545.5nm, as a
result of increased index on top, with a monolayer graphene
and a 180nm thick PMMA layer. Also shown in Fig. 3(a)
are the simulated transmission/reflection spectra for the de-
vice under test. For the simulation, the refractive index of
PMMA is taken as 1.5 and the absorption is ignored due to

Appl. Phys. Lett. 105, 181105 (2014)

small absorption coefficient around 1500 nm.*° The graphene
thickness is taken as 0.34nm with the refractive index
n=3+15.446,/3 um~'.>' Both simulation and measurement
results agree very well.

Following the same procedure, absorption (A) was
extracted from the measured and simulated transmission/
reflection spectra, as shown in Fig. 3(b). The measured
absorption in graphene was enhanced from 2%—-3% (off reso-
nance) to 35% (on resonance) due to the presence of Fano fil-
ter. Accordingly, the simulated absorption has a maximum
absorption of 39% at resonance peak wavelength of
1545.5nm. This experimental demonstration offers a very
encouraging and promising route towards extremely high
absorption devices. With the optimized design, it is possible
to achieve 50% peak absorption at resonance under critical
coupling condition. 10

To further increase the absorption, a metal reflector
(100nm Au coated glass substrate) was placed to the back-
side of the 1 mm thick glass substrate. As predicted earlier,'”
it is possible to achieve perfect 100% absorption under criti-
cal coupling condition, as the addition of the back reflector
changes the system from a two-port system to a one-port sys-
tem. Since there is no transmission now (T =0), the absorp-
tion can be extracted from the measured reflection spectrum
(A=1-R). Both measured reflection (R) and extracted
absorption (A) are shown in Fig. 4(a). The peak absorption
increases to ~85%. Notice that the oscillations on the meas-
ured reflection spectrum (and also on the extracted absorp-
tion spectrum) are due to the Fabry-Perot oscillations
originated from the finite glass substrate thickness (1 mm).
To accurately estimate the peak absorption, a best fit of the
absorption spectrum was carried out based on Fast Fourier
Transform (FFT), shown as the red absorption spectrum line
in Fig. 4(a). The original measured absorption signal was fil-
tered by taking a FFT, removing the high frequency Fabry-
Perot oscillations, and then using the inverse Fourier trans-
form to reconstruct the absorption signal. Care was taken to
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ensure accurate fit around resonance location, with the
zoom-in spectra shown in Fig. 4(b). Additional simulations
were carried out to simulate the absorption properties for the
structure with a perfect reflector on the back. The results are
shown in Fig. 4(c), for two cases without and with a 1 mm
glass substrate separating the Si PCS and the back reflector.
For the case with 1 mm glass substrate separation, the simu-
lated absorption spectrum agrees very well with the meas-
ured one, with similar resonance peak location/amplitude
and oscillation features, as shown in the zoom-in spectra of
Fig. 4(d). It is worth noting that by placing perfect reflector
right below the Si PCS structure (i.e., without glass substrate
separation), peak absorption close to 100% can be achieved
at resonance location, which is blue-shifted to 1432 nm for
the design demonstrated here. So it is feasible to achieve
100% absorption by optimizing the device design and struc-
ture, by transferring the graphene and silicon Fano filter
directly onto a multilayer dielectric Bragg reflector (DBR).
In conclusion, monolayer graphene absorption was
measured on a silicon photonic crystal Fano resonance filter
transferred on a glass substrate. We experimentally obtained
peak absorption of 35% and 85% for cases without and with
back reflectors, respectively. The results agree very well
with the theoretically estimated values of 39% and 90%,
respectively. With optimization in design parameters and de-
vice structures, it is feasible to achieve 100% total absorp-
tion. The work can lead to a wide range of ultra-compact and
high performance photonic and optoelectronic devices, such
as high responsivity and high speed graphene detectors,
modulators, and light sources.
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