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We demonstrate enhancements of Raman scattering from graphene on two-dimensional photonic
crystals using double resonances, which originate from simultaneous enhancements by a localized
guided mode and a cavity mode. By adjusting the photonic crystal cavity parameters, the double
resonance can be tuned to the G’ Raman scattering. Excitation wavelength dependence measure-
ments show a large Raman peak enhancement when the excitation and emission wavelengths meet
the double resonance condition. Furthermore, spatial imaging measurements are performed to con-
firm that the enhancement is localized at the cavity, and we find that the enhanced Raman intensity
is 60 times larger compared to the on-substrate Raman signal. The observed cavity enhancement of
Raman scattering opens up new possibilities for the development of graphene-based light sources
for silicon photonics. © 2018 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/1.5042798

Graphene, a two-dimensional layer of carbon atoms,
exhibits remarkable mechanical, electrical, optical, and ther-
mal properties.' In particular, graphene shows strong light-
matter interactions and optical non-linearity, making it an
ideal material for optoelectronic devices,” such as photodetec-
tors,>* saturable absorbers,’ and optical switches.® The use of
graphene as a light source, however, still remains a challenge
due to its gapless nature. While interband radiative recombi-
nation is not expected to be strong, graphene exhibits another
emission process known as Raman scattering. Remarkably,
Raman scattering associated with the G’ mode at ~2700 cm ™"
in monolayer graphene is stronger than graphite.’

Further emission enhancement by coupling graphene to
a nanocavity is desirable for a more efficient light source.
Among various cavities, photonic crystal (PhC) cavities hold
promise as a tool for increasing the light-matter interactions
in nanomaterials by strong electric fields confined in a small
mode volume.® By coupling the emission to the PhC cavities,
enhancement of Raman scattering in carbon nanotubes’ and
quantum dots'® has been demonstrated. PhC cavities can
also be evanescently coupled to graphene for integrated pho-
tonics."'™"° Cavity-enhanced Raman scattering from gra-
phene has been achieved by coupling to excitation laser."!

Here, we report on doubly resonant Raman scattering
enhancement from monolayer graphene in silicon PhC cavi-
ties. The Raman enhancement is obtained by exploiting
simultaneous resonance of excitation and emission,16 corre-
sponding to the coupling to a localized guided mode (LGM)
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and a cavity mode, respectively. Using the double resonance,
we are able to enhance the Raman scattering by 60 times
compared to that on the un-etched substrate. Our work high-
lights the potential for using graphene and other two-
dimensional materials for monochromatic near-infrared light
sources.

The PhC nanocavities are fabricated from silicon-on-insu-
lator (SOI) wafers.'®!” We define the L3 defect nanocavity by
introducing three linear missing air holes in a hexagonal lat-
tice, and we vary the hole radius r and the lattice constant a to
tune the LGM and the cavity mode wavelengths.'®'® The
positions of the air holes at the ends of the cavity are displaced
outward by 0.17 a to improve the quality factor Q of the cav-
ity.19 The PhC patterns are drawn by electron beam lithogra-
phy, and the 200-nm-thick top silicon layer is etched through
by a dry-etching process. The 1-um-thick buried SiO, layer is
then removed by 20wt.% hydrofluoric acid. Figure 1(a)
shows a scanning electron microscopy (SEM) image of a typi-
cal device. The higher magnification image of the cavity
clearly shows the shifting of the end holes [Fig. 1(a) inset].

We characterize the PhC cavities with a home-built laser-
scanning confocal microscope. An output of a wavelength-
tunable continuous-wave Ti:sapphire laser is focused onto the
sample into a spot size of approximately 1 um by an infrared
objective lens with a numerical aperture of 0.8. The same lens
collects the light emission from the samples, and a pinhole cor-
responding to a 2.7 um aperture at the sample imaging plane is
placed at the entrance of a 300 mm spectrometer for confocal
detection. The emission is recorded by a liquid-nitrogen-cooled
InGaAs photodiode array attached to the spectrometer. The
sample is placed on a motorized three-dimensional stage to
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FIG. 1. (a) An SEM image of a typical device. Red, green, and blue dots
indicate the positions at which the PL spectra with corresponding colors in
(d) are taken. Inset shows the enlarged view of the cavity. The arrows define
the directions of x- and y-polarization for excitation. The scale bars are
1 um. (b) A PL excitation map of a typical PhC cavity. The double reso-
nance is at the intersection between the vertical line corresponding to the
cavity mode and the horizontal line corresponding to the LGM. (c) A two-
dimensional PL image of the device in (b) measured with Z.x =911 nm. The
PL intensity /p; is integrated within a window of 25nm centered at
1146 nm. The scale bar is 1 um. (d) Red, green, and blue thick lines indicate
the PL spectra taken at the cavity, patterned area, and un-etched SOI, respec-
tively, excited at Aex =911 nm. The thin red line is a PL spectrum at the
cavity excited at A., =880nm. Inset shows the excitation polarization
dependence of /p excited with Z.x =911 nm. For (b)—(d), y-polarized laser
with a power of 1 mW is used for excitation.

accurately locate the devices, and all measurements are per-
formed at room temperature in a nitrogen environment to pre-
vent graphene oxidation.

We first determine the wavelengths of the LGM and the
cavity mode of the PhCs before graphene deposition. The
cavities are designed to have double resonances close to the
G’ Raman condition /_' — 2_! = howg, where J., is the exci-
tation wavelength, A., is the emission wavelength, 7 is the
Planck constant, and wg is the G’ mode frequency. Figure
1(b) shows the photoluminescence (PL) excitation map of a
typical device with r=85nm and a=355nm. The broad
emission with a peak at A., = 1146 nm is the silicon photolu-
minescence. The map shows a sharp double resonance origi-
nating from the intersection of an LGM at 4., =911 nm and
the 5th mode of the cavity at A,,, = 1190 nm.

A two-dimensional PL image of the device is measured
at Aex =911 nm with an integration window of 25nm cen-
tered at Ao, = 1146 nm [Fig. 1(c)], showing strong emission
localized at the ends of the cavity. Since the emission spec-
tral integration window is chosen not to include any cavity
modes, the spatial image reflects the LGM profile. We note
that the spatial profile is strongly dependent on the excitation
wavelength and excitation polarization.'®

In Fig. 1(d), the PL spectra from this device are shown.
The thin red line is the PL spectrum on the cavity taken at an
off-resonance excitation wavelength A., =880 nm. The full-
width at half-maximum (FWHM) of the 5th mode of the cav-
ity is 3.9 nm which corresponds to a Q-factor of 300. As the
excitation wavelength is increased to 911 nm (thick red line),
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the 5th mode peak emission is enhanced by a factor of 7
compared to that excited at 4., =880 nm. When we compare
the PL at the cavity to the un-etched SOI (blue thick curve),
we observe an approximately ninety-fold increase in the cav-
ity peak intensity. This increased intensity results from a
combination of three mechanisms: collection efficiency
improvement by vertically directed emission, the Purcell
effect by the cavity mode, and excitation field enhancement
by the LGM. Laser excitation polarization dependence mea-
surements at the double resonance show a high degree of
excitation polarization [Fig. 1(d) inset], where the maximum
emission intensity is obtained near y-polarized excitation,
corresponding to the polarization of the LGM.

After characterization of the silicon PhC cavity, we
deposit monolayer graphene flakes on top of the PhC cavi-
ties. The monolayer graphene layer is grown on a copper foil
by alcohol catalytic chemical vapor deposition (CVD).>°
After the growth, the graphene layer is transferred onto the
PhCs via wet etching method using poly-methylmethacrylate
(PMMA) layer as a mediator. The PMMA layer is spin-
coated on top of the graphene on Cu, followed by baking
at 100°C to solidify the PMMA. Iron trichloride is used to
etch the copper foil, and then the graphene attached to the
PMMA is placed on the PhCs and left in air overnight to dry.
The PMMA layer is then dissolved by immersing the sample
in acetone. An additional annealing process at 200 °C in air
for 6 h is performed to remove any residue.

The SEM image of the sample partially covered by gra-
phene is displayed in Fig. 2(a), showing high homogeneity of
the graphene flake. The inset shows a magnified image, where
it can be observed that the graphene remains intact near the
cavity. To verify the layer number, Raman spectroscopy under
off-resonance excitation at A., =532nm is performed at dif-
ferent points on the sample. Typical on-cavity (red line) and
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FIG. 2. (a) An SEM image of the devices integrated with CVD-grown gra-
phene. The left side of the image shows devices covered by graphene. Inset
shows a higher magnification image of a PhC device. Scale bars in the main
image and in the inset are 20 um and 1 pm, respectively. (b) Raman spectra
of the monolayer graphene on the cavity (red line) and on the SOI (blue
line), taken with 532nm laser excitation. (c) An excitation spectroscopy
map of the G’ band Raman scattering of graphene for a device with
a=355nm and r =85 nm, taken with a laser power of 1 mW and polariza-
tion along the y-axis. (d) Raman peak intensity (black) and silicon PL peak
intensity (red) obtained by fitting the excitation spectroscopy map in (c).
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on-SOI (blue line) Raman spectra are shown in Fig. 2(b).
On the cavity, two sharp peaks centered at 1580cm ™' and
2670 cm ' corresponding to the G and G’ bands, respectively,
are observed. The ratio of the G’ peak intensity I to G peak
intensity /g of 8 for the on-cavity graphene confirms that the
graphene is a single layer.” The G’ band also shows symmetric
Lorentzian profile with a FWHM of 30.6 cm ™', giving another
evidence for monolayer graphene.zl’22 The on-SOI G’ Raman
peak has Iy /I = 0.96, and its center wavelength is blue-
shifted by 7cm™' compared to the on-cavity Raman peak.
Similar blueshift and weaker G’ intensity have been reported
in the case of Raman scattering of graphene on SiO,/Si sub-
strate to be due to unintentional doping from the interaction of
the graphene with the substrate.”

Figure 2(c) shows the excitation spectroscopy map of the
device in Fig. 1(b) with graphene on top, where the cavity
mode intensity at 1190 nm has become lower after the gra-
phene deposition. The bright diagonal line on the excitation
spectroscopy map arises from the G’ Raman scattering of the
graphene. The Raman intensity increases when the G’ mode
is tuned to the double resonance, and then decreases as the
excitation wavelength is detuned from the double resonance.

To quantitatively calculate the Raman enhancement, we
perform curve fitting of emission spectra for each excitation
wavelength. Because the complex silicon PL spectra cannot
be fitted using a simple function, we use a linear combination
of an empirical spectrum of silicon PL and a Lorentzian
peak

(w/2)’
(Aem — /10)2 +(w/2)

Iem(j-em) = [SiS(/lem> + IRaman B +[07

)]

where I, (Aem) is the emission spectrum, Ig; is the silicon
PL peak intensity, S(Aem,) is the normalized silicon spectrum,
IRaman 1S the Raman peak intensity, Aq is the center wave-
length of the Raman peak, w is the Raman peak FWHM, and
Iy is the offset intensity. In Fig. 2(d), Iraman and Is; are plot-
ted as a function of the excitation wavelength. To quantify
the resonant enhancement, we use the ratio between the on-
resonance Raman peak and the off-resonance Raman peak at
Jex =960 nm. The calculated ratio for the device shown in
Fig. 2(c) is 5.9. We have performed similar measurements
and analyses on 37 devices with the same design parameters,
and we obtain an average enhancement ratio of 6.1 with a stan-
dard deviation of 1.0 and a maximum enhancement ratio of 8.5.

To confirm that the enhancement originates from the
Raman emission coupled to the double resonance of the PhC
cavity, we explore the spatial extent of the Raman signal. The
two-dimensional image of the Raman peak measured with
Jex =911 nm is displayed in Fig. 3(a), and we observe a spa-
tial profile similar to the silicon PL image before graphene
deposition [Fig. 1(c)]. On this device, the highest Raman
scattering intensity is found at the ends of the cavity. We also
find that the Raman intensity on the PhC pattern is higher
than the Raman scattering intensity on the un-etched SOI,
which can be explained by the higher collection efficiency of
the emitted light in the direction normal to the slab plane
through the leaky modes. 82423
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FIG. 3. (a) A two-dimensional emission image of the device in Fig. 2(c).
The emission intensity /g is integrated over a spectral window centered at
the Raman peak wavelength of 1190 nm with a width of 5.2nm. The scale
bar is 1 um. (b) Emission spectra of the graphene on PhC taken at the cavity
(red), on the pattern (green), and on the un-etched SOI (blue). Inset shows
the excitation polarization dependence of Ir,man at the double resonance.
For (a) and (b), y-polarized laser with 4., =911 nm and a power of 1 mW is
used for excitation.

Figure 3(b) shows typical emission spectra of the gra-
phene at different positions of the PhC structure with the
same color convention as in Figs. 1(a) and 1(d), where the
red curve shows the strongest Raman intensity. Although the
cavity emission due to the silicon PL is barely visible for off-
resonant excitation, we calculate the enhancement conserva-
tively by assuming that the on-cavity emission peak contains
signals from Raman scattering and silicon PL. We estimate
the contribution of the silicon PL from the spectrum taken on
the device before graphene deposition [Fig. 1(d)], and find
that the double-resonance-enhanced cavity peak at 1190 nm
is 40% of the broad silicon peak intensity at 1146 nm. The
on-cavity Raman peak value taken from the red curve in Fig.
3(b) is then corrected by subtracting the estimated silicon
contribution using this fraction. After the correction, we
obtain a value of 4.2 for the enhancement of the Raman scat-
tering by the PhC cavity compared to the Raman signal on
the PhC pattern (green curve). By comparing the on-cavity
Raman signal to that on the un-etched SOI (blue curve), the
PhC cavity gives an enhancement by a factor of 60.

Furthermore, we perform polarization dependence mea-
surements [Fig. 3(b) inset], and the Raman peak is found to
have a similar excitation polarization profile as the LGM.
The maximum intensity of the Raman scattering is 3.3 times
the minimum Raman intensity which would correspond to
the Raman intensity without LGM enhancement. This result
is similar to a previous report'' showing absorption enhance-
ment factor of 3.41 for a PhC cavity with a Q-factor of 330.

By investigating a device with a different lattice con-
stant, it is possible to separate the enhancement by the cavity
mode and the LGM. One typical excitation spectroscopy
map for a device with r=85nm and ¢ =370 nm is shown in
Fig. 4(a), where the double resonance shifts to the right side
of the diagonal Raman line. By performing a similar analysis
as before, we obtain fitting results of this device [Fig. 4(b)];
the black curve for /g man and the red curve for /s;. The exci-
tation spectroscopy map and the Raman excitation spectra in
Figs. 4(a) and 4(b) clearly show two peaks at excitation
wavelengths of 930 nm and 937 nm, corresponding to Raman
scattering enhanced by the LGM and the cavity mode,
respectively. Again, using the ratio with respect to the off-
resonance Raman peak at /., = 960 nm, the Raman enhance-
ment by the LGM is calculated to be 2.7. The enhancement
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FIG. 4. Excitation spectroscopy maps taken with a laser power of 1 mW and
polarization along the y-axis for (a) a device with a double resonance not
located on the Raman line and (c) a device with a double resonance on the
Raman line with longer wavelength compared to the device in Fig. 2(c). (b)
and (d) Excitation wavelength dependence of Raman peak intensity (black)
and silicon PL peak intensity (red) of the devices in (a) and (c), respectively.

by the cavity mode is calculated differently due to the spec-
tral overlap with the LGM (supplementary material Fig. S1).
After excluding the enhancement from the LGM, we find an
enhancement of 1.3 by the cavity mode.

Finally, we demonstrate wavelength tuning of the
Raman enhancement by the double resonance. In contrast to
varying the lattice constant, changing the PhC air hole radius
moves the double resonance nearly along the Raman line.
One typical excitation spectroscopy map for a device with
r="75nm and a =355 nm is shown in Fig. 4(c) and its fitting
results are displayed in Fig. 4(d). The double resonance is
located at Ao, =924 nm and /., = 1214 nm, redshifted com-
pared to that for the device shown in Figs. 2(c) and 2(d). The
enhancement by double resonance for this device is 2.8
when compared to the Raman peak at A.x =960 nm. Similar
measurements are performed on devices with different r, and
we find that as the hole radius decreases, the double reso-
nance wavelengths become longer and the enhancement
becomes lower (see supplementary material Fig. S2).

To further improve the Raman scattering emission, opti-
mization of the coupling efficiency and the quality factor of
our devices is required. The evanescent field amplitude on
the surface can be controlled through the slab thickness to
improve the coupling efficiency between graphene and the
cavity mode.'' The LGM has a lower quality factor which
could potentially be increased by engineering the PhC struc-
ture.”>?® Once we obtain a higher enhancement factor, light
emission can be made stronger by improving Raman scatter-
ing intensity, which could be achieved, for example, by
surface-enhanced Raman scattering.?’

In summary, we have used double resonances in PhC
cavities to enhance the Raman scattering of graphene. We
have designed the PhC nanocavities to have double resonan-
ces on the G’ Raman line, and we obtain the maximum
Raman intensity when the laser is tuned to meet the resonant
excitation and emission conditions. Spatial imaging mea-
surements confirm that the enhancement originates from the
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coupling to the cavity double resonance, and we observe an
enhancement of the Raman intensity by a factor of 60 com-
pared to that on the un-etched SOI. By varying the device
lattice constant, we are able to separate and estimate the
enhancement contributions from the LGM and the cavity
mode. Furthermore, the enhanced Raman emission wave-
length is tunable by varying the hole radius of the PhC. Our
results mark an important step towards the development of
monochromatic near-infrared light sources using graphene
and other two-dimensional materials for integrated silicon
nanophotonics, and may provide a way to study electron-
phonon interaction in nanomaterials.

See supplementary material for the calculation of cavity
enhancement, and excitation spectroscopy maps and Raman
fitting for devices with different r.
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