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Enhanced light-matter interactions in
graphene-covered dielectric magnetic mirrors
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Abstract: Enhanced interactions of light with graphene on the surface of a lossless dielectric
magnetic mirror (DMM) are studied theoretically and experimentally in the visible range,
where the DMM is composed of truncated dielectric photonic crystals (PCs). The absorption
of graphene on the DMM was enhanced by about 4-fold for the spectral range within the
forbidden gap of PCs over a wide range of incidence angles for both transverse electric and
transverse magnetic polarizations compared with that of free-standing graphene. Moreover,
the enhanced local electric field on the DMM surface led to much better detection efficiencies
of the photocurrent, Raman spectroscopy and enhanced third-harmonic generation of
graphene. These results offer a new way to achieve an enhanced interaction of light with
graphene and develop new compact graphene-based devices.
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1. Introduction

Graphene has attracted considerable interest as an ultra-thin, two-dimensional material [1]
because of its unique electrical and optical properties. These properties have led to numerous
important applications in optoelectronic and nanophotonic devices, such as transparent
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electrodes [2], ultrafast lasers [3], polarizers [4], detectors [5-7], sensors [8, 9], and nonlinear
optical devices [10-14]. It is widely known that the absorption of graphene is approximately
2.3% over a broad wavelength range [15]. Although this absorptance value is considered to be
very high with respect to the thickness of graphene, the absolute absorptance is still small,
which limits its applications in optoelectronic devices that require stronger light-graphene
interactions, such as graphene-based photodetectors [5, 16, 17] and optical absorbers [18-20].
Several methods have been proposed to enhance the absorption of graphene, including using
patterned graphene [18, 21], combining graphene with conventional plasmonic nanostructures
[22, 23], and integrating graphene with Fabry-Pérot microcavities [15, 24, 25]. Most of these
approaches are suitable for specific wavelengths or a narrowband region. Specifically, for
enhanced absorption by metallic plasmonic structures [22, 23], it is difficult to evaluate the
pure graphene absorption due to the intrinsic absorption of the metal. When using Fabry-Pérot
microcavities, the graphene layer is embedded inside the designed structure, resulting in
difficulties in achieving further applications such as sensors and optoelectronic devices.
Therefore, different approaches are highly desired to facilitate applications that meet the
following requirements: 1) a wideband enhanced absorption of graphene, 2) an assisted
structure composed of non-absorbing materials and 3) one surface of graphene that is exposed
to the environmental medium. One of the most direct strategies to achieve these requirements
is to use a perfect magnetic mirror [26-30] underneath the graphene layer to enhance the
light-graphene interactions. However, metallic magnetic mirrors [26, 27] suffered from high
intrinsic ohmic losses in the visible and infrared ranges, so all-dielectric nanostructures could
be used to fabricate the perfect magnetic mirror [28-30].

Different from magnetic mirrors using two- or three-dimensional metamaterials [28-30],
we proposed a dielectric magnetic mirror (DMM) based on a one-dimensional truncated all-
dielectric photonic crystal (PC) to enhance the light-graphene interactions, where the
graphene is covered on the surface of the DMM. Mirrors include magnetic mirrors and
electric mirrors (such as a metallic mirror). In contrast to a perfect electric mirror, in which
the reflection phase at its surface is =, the reflection phase equals 0 at the surface of the
perfect magnetic mirror. However, because of the m phase shift of the reflected light in the
case of a normal electric mirror, the electric fields of the incident light and the reflected light
at the surface of the mirror are out of phase and cancel each other out, resulting in absorption
properties of the graphene layer that are highly influenced by the distance between the
graphene and the mirror. To ensure that the incident light and the reflected light are in phase
at the mirror surface, a zero reflection phase shift is necessary. In this case, in contrast to the
normal electric mirror, which is similar to epsilon-negative materials whose permittivity is
negative, the mirror has a zero reflection phase, which is similar to mu-negative materials
whose permeability is negative; thus, it can be called a magnetic mirror [26-32]. In this study,
to realize a perfect magnetic mirror with a wide bandwidth that is composed of all-dielectric
non-absorbing materials, one-dimensional dielectric PCs were designed and fabricated. With
careful adjustment of the filling fraction of the PCs, the first-order photonic band gap
exhibited perfect magnetic mirror behavior, leading to the enhanced wideband absorption of
graphene on top of the PC, as demonstrated experimentally. Moreover, Cr/Au electrodes
(source and drain) were deposited on the graphene layer to measure the photocurrents.
Enhanced photocurrents were achieved by comparing the structures with monolayer graphene
on the DMM and transparent substrates. Strong enhancements in the Raman spectrum and
third-harmonic generation (THG) of graphene were also observed, which is essential for
many optoelectronic applications.

2. Results and discussion
2.1 Enhanced absorption of graphene on the surface of the DMM

The DMM in this study is a one-dimensional truncated PC composed of alternating SiO- and
TiO; layers. The graphene films are on the surface of the PC. The composite structure is
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denoted as G(AB)NAS, as shown in Fig. 1(a), where G represents the graphene, A denotes
SiO, witha refractive index of na = 1.431 [33] and a thickness of da = 98.5 nm, B represents
TiO2 with ng = 2.123 [33] and ds = 66.4 nm, N is the periodic number, and S is the substrate
BK7 with ns = 1.52.The refractive index of graphene is described by a simple model, ng = 3.0
+ C1Ai/3 (C1 = 5.446 um™), in the visible range [34]. The thickness of a graphene monolayer
is 0.34 nm. The SEM image of the PC (AB)NAS with N = 19 is shown in Fig. 1(b).

Light P (a) (b)

Polarizer

Graphene

Fig. 1. (a) Schematic diagram of the composite structure, G(AB)NAS, composed of a graphene
film, G, and PC (AB)NAS as a lossless DMM, where A denotes SiO, with na = 1.431 and da =
98.4 nm, B represents TiO, with ng = 2.123 and dB = 66.4 nm, S represents BK7 with ns =
1.51, and N is the periodic number. (b) SEM image of the PC (AB)NAS with N = 19.

The transfer matrix method [35] was used to calculate the transmittance (T) and
reflectance (R) of the composite structure of G(AB)NAS, and its absorptance (A) was
calculated using the formula A = 1-T-R. The alternating A and B layers of the truncated PCs
with the structure (AB)NA were deposited on the planar face of the substrate (S) by an ion-
assisted electron-beam evaporation under high vacuum. During the deposition, the vacuum
chamber was kept at 2.0 x 10-2Pa, the temperature was set at 150°C, Ar + O, ion assistance
with optimized oxygen partial pressure (1.0 x 1072 Pa) was applied and the ion kinetic energy
of 70 eV was kept for all layers. The thicknesses of the A and B layers were monitored using
quartz crystal sensors. T and R of the G(AB)NAS sample were measured with a Cary-100
ultraviolet-visible-near-infrared spectrophotometer and an R1-angle-resolved spectrometer
system.

Monolayer graphene grown via chemical vapor deposition on Cu foils was placed on the
surface of the (AB)NAS using a wet transfer method [23]. The wet transfer process was
repeated to create bilayer and trilayer graphene on the top of the DMMs. The detailed process
was described as follows: A poly(methyl methacrylate) (PMMA) film was spin-coated onto
the graphene covered Cu foil and dried at 170°C for 30 min. Subsequently, a
PMMA/graphene membrane was obtained by etching away the Cu foil in a Fe(NOs)s/H,O
solution and then transferred to the surface of the DMMs. The wet transfer process was
repeated to create bilayer and trilayer graphene on the DMMs.

The reflection properties of the PC under the normal incidence of the light were studied,
as shown in Fig. 2. In the forbidden gap of the PC, the truncated PC (AB)NAS was designed
to play the role of a perfect magnetic mirror with a zero reflection phase in which the values
of the reflection phase [36, 37] on the surface of the (AB)NAS are limited to between - to 7.
Figures 2(a) and 2(b) provide the reflection spectra (R) of (AB)NAS and the reflection phase,
@, at the incident surface of (AB)NAS, respectively. The value of the reflection phase, D

is zero at the center wavelength (A = 563.8nm) of the forbidden gap. According to the
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resonance interference condition between the incident and reflection light, the total electric
field intensity |E|2 , can be described as

2 2 2
[EJ" = |E[,, + E[; + |El,,[El, cos(:) (1)
where |E||2n and |E|§e represent the electric field intensities of the incident and reflected
light, respectively. In the forbidden gap of a lossless dielectric PC, |E|§ equals |E||2n : thus, the

maximum |E|2 is four times that of |E||2n when ¢, equals zero according to Eq. (1), as shown
in Fig. 2(b). The reflection spectra and the reflection phase, ¢, , of the truncated PC (BA)"BS

as a perfect dielectric electric mirror (DEM) are presented in Fig. 3, where ¢, equals = at the
center wavelength (A = 563.8 nm) of the forbidden gap.
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#5 ()

Fig. 2. Reflection spectra (R) and reflection phase, @ of (AB)¥AS. At the center

R
wavelength of A = 563.8 nm in the forbidden gap of PC, the reflection phase, @, of (AB)*°*AS
equals 0. Other parameters are the same as those in Fig. 1.
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Fig. 3. Reflection spectra (R) and reflection phase of (BA)**BS. At the center wavelength of A
= 563.8 nm in the forbidden gap of the PC, the reflection phase of (BA)!*BS equals . Other
parameters are the same as those in Fig. 2.

Figures 4(a)-4(c) show the absorption spectra (A) of the composite structures of
G(AB)'®AS with graphene films of different thicknesses for normal incidence, where G, G;
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and Gs denote monolayer, bilayer and trilayer graphene, respectively. The red and blue lines
describe the theoretical and experimental results, respectively. The spectra show that the
absorption of the graphene films is enhanced strongly in the entire forbidden gap of the PC.
The measured maximum absorptances of G(AB)°AS that included monolayer, bilayer and
trilayer graphene are 0.0866, 0.1692, and 0.2447 at 568.3 nm, respectively, and the
corresponding simulated values at 563.8 nm are 0.0889, 0.1699, and 0.2439, respectively. The
experimental spectra are in good agreement with theoretical spectra. Compared with that of
the free-standing monolayer, bilayer or trilayer graphene, the absorptances of the composite
structures containing graphene were enhanced by nearly four-fold.

0.15

Expr. (a)
0.104 Theol
<
0.05 s
G,(AB) "AS
0.00

0.2
(b)
< 0.1
G,(AB)"°AS
0.0 - . . . . . y
0.3

02 (c)
<
0 1 T 19
G,(AB)"°AS
0.0

475 500 525 550 575 600 625 650 675
Wavelength (nm)

Fig. 4. Absorption spectra (A) of the composite structure, G(AB)*®AS, with (a) monolayer
graphene, Gi; (b) bilayer graphene, G; and (c) trilayer graphene, Gs; for normal incidence.
The red and blue lines represent the numerical and experimental results, respectively. Other
parameters are the same as those in Fig. 1.

7.=563.8nm

3.999

3998
34 o 3997
m}
3996
3995{ G A

3.094
00 02 04 06 08

Thickness (nm)

IE[*

0 500 1000 1500 2000 2500 3000 3500
Thickness (nm)

2
Fig. 5. Simulated electric field intensity, |E| , in the composite structure, G(AB)AS, at

563.8 nm and at normal incidence. The inset shows the electric field intensity in graphene of
G(AB)®AS. Other parameters are the same as those in Fig. 1.

To determine the physical origin of the enhanced absorption more clearly when the
graphene is deposited on the surface of the truncated PC (AB)NAS, we numerically calculated

the electric field intensity distribution, |E|2 , for G(AB)*AS that had the graphene monolayer
at 563.8nm, as shown in Fig. 5. The electric field intensity of the incident wave is assumed to
be 1. |E|2 in the graphene monolayer was nearly four times that of the incident wave because
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the PC behaves as a perfect DMM); thus, the maximum electric field intensity can be realized
on the surface of the truncated PC as defined by Eq. (1). Meanwhile, the reflection phase, ¢,

of the PC is from -n/4 to /4 nearly in the entire forbidden gap and it equals zero in the center;
thus, the wideband-enhanced optical absorption of graphene is realized.

For the oblique incidence of the light, absorption spectra were measured for both the
transverse electric (TE) and transverse magnetic (TM) polarizations. Figures 6(a)-6(c) show
the theoretical (red lines) and experimental (blue lines) absorption spectra of G(AB)°AS for a
TE wave at a 30° incident angle. The enhanced absorption band of G(AB)°AS was
broadened because the forbidden gap of the PC widened as the incident angle of the TE
polarization increased. The measured maximum absorptances of G(AB)*AS that included the
monolayer, bilayer and trilayer graphene were 0.1028, 0.1939, and 0.2733 at 540.2 nm,
respectively. These values are larger than those at normal incidence. The theoretical
absorptances of G(AB)°AS that included monolayer, bilayer and trilayer graphene at 540.2
nm were 0.1019, 0.1936, and 0.2760, respectively. Thus, the experimental spectra are
consistent with the theoretical spectra. Compared with that of free-standing graphene at the
same incident angle, the absorptance of G(AB)¥AS containing the monolayer, bilayer or
trilayer graphene was still enhanced by nearly four-fold. The physical origin of the enhanced
absorption in the graphene-DMM at the 30° incident angle is similar to that at normal
incidence. Figures 6 (d)-6(f) show the theoretical (red lines) and experimental (blue lines)
absorption spectra of the composite structures of G(AB)*°AS for a TM wave at a 30° incident
angle. In contrast to those for TE polarization, the enhancement of the absorption band of
G(AB)'®AS was smaller than that at normal incidence because the forbidden gap of the PC
narrowed as the incident angle of TM polarization increased. The experimental maximum
absorptances of G(AB)™AS that included monolayer, bilayer and trilayer graphene were
0.0772, 0.1488, and 0.2158 at 548.5 nm, respectively. The calculated absorptances of
G(AB)'°AS with monolayer, bilayer and trilayer graphene at 548.5 nm were 0.0774, 0.1489,
and 0.2150, respectively. The absorptance of G(AB)*AS was enhanced by nearly four-fold
compared with that of free-standing graphene at the same incident angle.

0.15 0.15
Expr. TE-30° Expr. TM-30°
0.10 Theory 0.10 —— Theory
< 0.05 10 @1 <05 0 @
: G,(AB)"°AS : G,(AB)"°AS
0.00 0.00
0.2 02
(b) (e)
< 01 < 01
G,(AB)"°AS G,(AB)"“AS
0.0 0.0
0.3 0.3
0.2 (c) 0.2 ®
< 01 < 04
0' G,(AB)" °AS D‘ G,(AB)"’AS
‘450 500 550 600 650 '250 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 6. Simulated(red lines) and measured (blue lines) absorption spectra (A) of G(AB)AS as
a function of wavelength at an incident angle of 30°: (a)-(c) for a TE wave and (d)-(f) fora TM
wave. Other parameters are the same as those in Figs. 1 and 5.

The above theoretical and experimental results demonstrate that the bandwidth of the
enhanced absorption of the graphene on the PC is proportional to that of the forbidden gap of
the PC. This finding indicates that if an omnidirectional and ultra-wide photonic forbidden
gap with O reflection phase is realized, an omnidirectional or ultra-wide enhanced absorption
band for graphene will be achieved. These properties are important to fabricate graphene-
based broadband optoelectronic devices.
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2.2 Enhancement of photocurrents in graphene on the DMM

Although graphene is considered to be a potential candidate for ultrafast optoelectronics
devices [16], limitations such as low signal-to-noise ratio remain due to the weak light-
graphene interaction. In this study, by utilizing a graphene-DMM heterostructure in which the
DMM s realized by a truncated all-dielectric PC, enhancements of the photocurrents in
graphene-based devices are achieved.

In the experiment, Cr/Au electrodes (source and drain) were deposited on the graphene
layer to measure the photocurrents. By raster scanning the focused laser light with a 550 nm
wavelength near the interface of graphene and the electrode, a spatial map of the photocurrent
intensity was recorded, as shown in Fig. 7. At the graphene-electrode interface, photo excited
electron-hole pairs in graphene could be separated by the internal electric field, forming
photocurrents. To verify the enhancement of photocurrents in the graphene-DMM
heterostructure, we also measured photocurrent mapping on the silica/silicon substrate for
comparison. Figures 7(b) and 7(c) show that the photocurrents in the graphene-DMM
heterostructure were significantly larger than that in graphene on silica/silicon substrate.
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Fig. 7. (a) Schematic of the experimental setup of the photocurrent measurements, where the
inset shows the optical micrograph of the interface of graphene and the electrode. Intensity
map of the photocurrents in the graphene monolayer on the DMM (b) and on the silica/silicon
substrate (c) at a size of 20 um x 20 pum. Other parameters are the same as those in Fig. 1.

2.3 Enhanced Raman scattering and THG of graphene on the DMM

Raman spectroscopy is an important tool that is used to analyze the properties of graphene,
such as the determination of layer numbers, defects, doping, and other variables [6, 7, 19, 38—
41]. Although a Raman spectrum is readily observable from graphene, a larger signal
intensity is often needed to provide a quantitative analysis of the changes in graphene
properties that can occur due to external parameters, e.g., electronic doping and adsorption of
gas molecules [6,7]. DMM offers an effective method to enhance the local electric field, thus
providing a stronger Raman scattering of the incoming light.

Figure 8(a) shows the Raman G-mode spectra of graphene on SiO, and DMM for an
excitation laser wavelength of 632.8 nm. The excitation wavelength is out of the measured
photonic band gap of DMM, and no clear difference was observed in the two cases. However,
the green laser (532.0 nm) was located within the forbidden gap of the PC (AB)¥®AS.
Accordingly, the Raman scattering is expected to increase if the green laser is employed. The
results of the G-mode (1580 cm™) and 2D-mode (2670 cm™) of graphene are presented in
Figs. 8(b) and 8(c), respectively. In both cases, the Raman signals increased ~5-fold. The
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designed enhancement of the local field was 3.4-fold at 532.0 nm, whereas the radiated
Raman signal also benefited from the DMM coating. As a result, the total yield for the Raman
signal was larger than 3.4. Of note, the Raman wavelength is close to the red tail of the
photonic band gap. The radiation Raman signal can be further enhanced by designing a DMM
coating that is optimized at both the excitation and radiation wavelengths.

6001 G mode —DMM  (8)
4001 532 8nm laser — Si0
200 4 2

0 T f T * T

3000 4
2000 G mode (b)
1 532.0nm laser
1000
0 1 i T T ' T
3000 4
2D mode ©
20009 <5 onm laser
1000 - i
0

2600 2650 2700 2750
Raman Shift (cm™)

Intensity (a. u.)

Fig. 8. Raman spectra of the monolayer graphene on SiO, substrate (black line) and on the
DMM (red line). (a) The G peak of graphene on two different substrates at an excitation laser
wavelength of 632.8 nm. (b) and (c) The G peak and 2D peak of graphene on two different
substrates at an excitation laser wavelength 532.0 nm, respectively. Other parameters are the
same as those in Fig. 1.
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Fig. 9. THG from the monolayer graphene on DMM (black line) and on fused silica substrate
(red line), respectively. The THG emerged at 563.0 nm with the femtosecond excitation laser
beam at 1689.0 nm. The broad nonlinear photoluminescence [40] from monolayer graphene
was also enhanced in the forbidden gap of PC.

Utilizing the strong local electric field enhancement, nonlinear optical effect of graphene
can be measured with a lower excitation energy [13, 14]. To demonstrate this application, we
performed a THG measurement. Figure 9 shows the data from monolayer graphene on a
transparent fused silica substrate (red line) and on the DMM (black line), respectively. In the
THG measurement, a linearly polarized femtosecond laser at the wavelength of 1689.0 nm
was used as the excitation source, so that the wavelength of THG signal lies in the enhanced
spectral range of DMM. The laser at the power of ~0.81 mW was focused to the sample by a
100x Nikon objective (NA 0.95) and the back-scattered THG signal was collected by the
same objective, and guided to a spectrograph equipped with a liquid nitrogen cooled CCD
detector to acquire spectrum after short-pass filters. It can be seen that the enhanced THG
from graphene on the DMM s about 14 times larger than that on the fused silica substrate.
The magnification is close to the square of the designed enhancement of the local field (16
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times) at 563.0 nm. As showed in Fig. 9, the broad nonlinear photoluminescence [42] from
monolayer graphene was also enhanced in the forbidden gap of PC. Such results show that the
nonlinear responses such as THG and nonlinear photoluminescence [42] from monolayer
graphene could be dramatically enhanced by placing it on the surface of DMM.

3. Conclusions

We studied the enhanced interaction of light with graphene on truncated dielectric PCs, where
the PCs serve as perfect DMMs. The bandwidth of the enhanced absorption of graphene was
determined by the width of the forbidden gap of the PC. The local electric field enhancement
was also investigated for normal and oblique incidences for both TE and TM polarizations.
Our experimental results show that the maximum absorptance of graphene/DMM in the
forbidden gap is nearly four times that of free-standing graphene, which agrees well with the
theoretical values. Applications of this designed DMM have been demonstrated with a
promising effect on photocurrents, surface Raman scattering and the nonlinear optical
response of graphene. These results offer a facile solution for new compact graphene-based
nanophotonic and optoelectronic devices.
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