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Abstract: Nowadays, wide-field of view plasmonic structured illumination method
(WFPSIM) has been extensively studied and experimentally demonstrated in biological
researches. Normally, noble metal structures are used in traditional WFPSIM to support ultra-
high wave-vector of SPs and an imaging resolution enhancement of 3-4 folds can be
achieved. To further improve the imaging resolution of WFPSIM, we hereby propose a wide-
field optical nanoimaging method based on a hybrid graphene on meta-surface structure
(GMS) model. It is found that an ultra-high wave-vector of graphene SPs can be excited by a
metallic nanoslits array with localized surface plasmon enhancement. As a result, a standing
wave surface plasmons (SW-SPs) interference pattern with a period of 11 nm for a 980 nm
incident wavelength can be obtained. The potential application of the GMS for wide-field of
view super-resolution imaging is discussed followed by simulation results which show that an
imaging resolution of sub-10 nm can be achieved. The demonstrated method paves a new
route for wide field optical nanoimaging, with applications e.g. in biological research to study
biological processes occurring in cell membrane.

© 2017 Optical Society of America
OCIS codes: (100.6640) Superresolution; (160.3918) Metamaterials; (240.6680) Surface plasmons.
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1. Introduction

Surface plasmons (SPs), originated from the coupling of light and collective oscillations of
free electrons in the metal, are evanescent electromagnetic waves existed at the interface
between metal and dielectrics [1-3]. Their intriguing properties such as strong
electromagnetic energy confinement and large in-plane momentum nature have been
extensively exploited for applications in a variety of applications including biosensing,
photolithography, sub-diffraction limited imaging and more [4-9]. SPs, own a higher wave-
vector (kg) in comparison with the exciting light in some cases, are good candidates for
optical resolution improvements. Recently, the application of SPs in super-resolution has
been extensively studied in the near-field including examples such as perfect lens, superlens
and hyperlens [10-12]. Even more recently, plasmonic structured illumination microscopy
(PSIM), a far-field microscopy technique has been introduced. This approach utilizes SPs to
further improve far field imaging resolution [13—18]. In those works, plasmonic interference
pattern was used as the illumination pattern to realize a lateral resolution enhancement of a
fluorescence image. As the resolution of this method relies on the spatial frequency of the SP
illumination pattern, an improvement of more than twice in resolution has been achieved in
comparison with conventional epifluorescence microscopy, both numerically and
experimentally. Clearly, higher &, is critical for achieving higher resolution. Previous studies
show that subwavelength metallic structures can be applied to excite SPs with a higher wave-
vector [14,16,19]. There are many efforts to seek for higher kg, including 2D silver-silicon
nitride-air platforms [20], hyperbolic metamaterials [21-25], noble metal meta-structure
[26,27], etc. In this context, graphene shows an outstanding electric, thermal and optical
properties in terahertz and infrared domains and therefore can support SPs with an ultra-high
wavevector for applications in transformation optics, nano-imaging and tunable metamaterials
[28-32]. Graphene can also be used as a nano-ruler based on Forster resonance energy
transfer (FRET) in application for bio-imaging [33,34]. Thanks to its inherent properties,
combined with recent advances in nanofabrication, graphene plasmonics have made a
remarkable progress [35-38]. In particular, given the fact that high doping density has already
been achieved in recent experiments [36—39], the working frequency of graphene plasmonics
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could be extended to the near infrared domain or even the visible light spectrum which makes
it even more attractive for imaging applications.

In this work, we propose a hybrid graphene on meta-surface structure (GMS), which can
support ultra-high £,,. First, the finite-difference time domain (FDTD) method was employed
to analyze GMS structure and it is found that the SW-SPs with an 11 nm period can be
achieved on graphene for a 980 nm illumination wavelength. Furthermore, it was
demonstrated theoretically that the GMS structure can be applied in the plasmonic structured
illumination microscopy method and an imaging resolution of 6 nm can be achieved, which
serve as a clear indication for the great potential of this method in imaging resolution
enhancement for optical super-resolution imaging.

2. Methods and structure description

z (k)

(a) Z (H)

- B >

Fig. 1. The schematic diagram of the hybrid graphene on meta-surface structure. (a) The
perspective view and (b) the cross sectional view of the GMS. V4,5 denotes the control voltage
for setting the chemical potential of graphene.

Figure 1 shows the proposed GMS structure which consists of a single layer of graphene
deposited on a SiO,/Ag/Si0, multilayer structure. Figures 1(a) and 1(b) show the perspective
and cross sectional views of a unite cell of the GMS structure, respectively. As can be seen,
each unit cell of the GMS structure consists of four layers. The thickness of the flat SiO,
substrate is d; = 200 nm. The other layers of the GMS are the key for achieving high kg,. A
thin layer of silver film with a thickness of d, = 50 nm is deposited on the SiO, substrate and
then covered by a 10 nm SiO, film. There is a nano-slit with a width # = 30 nm in x direction
and an infinite length in y direction defined in Ag film and filled with SiO,. The nano-slit is
used to couple the incident light into SPs and to excite the graphene plasmonic mode [40].
The unit cell is repeated in both x and y directions with the same period of P = 350 nm.

For the graphene layer, the surface conductivity g, can be calculated by Kubo model of
conductivity [41,42]:



Research Article Vol. 25, No. 13 | 26 Jun 2017 | OPTICS EXPRESS 14498

Optics EXPRESS

ie*k,T £ n|2ﬂ h(a)+z/r)|

o, =— (He s 2in(e BT +1))+-
i (w+il 1) k,T arh |24, +h(a)+z/r)\

where e is the electron charge, k3 is the Boltzmann constant, T is the Kelvin temperature,
A is the reduced Planck constant, w is the radian frequency, y. is the chemical potential, and 7
is the electron-phonon relaxation time, respectively. The relaxation time 7 can be obtained by
using:

M H

2
evy

T =
2

where u is the DC mobility, and vg is the Fermi velocity. In the model and simulations to be
followed, it is assumed that the graphene is an anisotropic dispersive dielectric material and
its relative permittivity €, can be represented as:

=1+

&

EyWA 3)
where & is the permittivity of vacuum and A denotes the graphene thickness. In order to allow
for proper convergence, the graphene thickness A is chose as 1 nm [35-38] in our simulation.
From Egs. (1)-(3), it is found that the permittivity of graphene depends on the surface
conductivity, which can be electrically tuned by bias voltage. In the simulation, the
parameters for graphene are: 7= 300 K, v¢ = 10° m/s, £ = 10000 cm*V~'s™". Therefore, the
surface conductivity o, mainly depends on w and u. As D.K. Efetov et al already
demonstrated that a chemical potential u. = 2.2 eV is possible [39], the value of the chemical
potential x. can be tuned from 0.1 eV to 2.2 eV in the model.
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Fig. 2. Dispersive optical properties of graphene as a function of chemical potential in near
infrared waveband. (a) The normalized real and (b) imaginary part of surface conductivity of
graphene, respectively. (c¢) The real and (d) imaginary part of permittivity of graphene,
respectively.

The chemical potential x. can be determined by applying a bias voltage as shown in Fig.
1(b). According to Eq. (1), the real part o, and imaginary part o; of graphene surface
conductivity in near infrared waveband were calculated and shown in Figs. 2(a) and 2(b),
respectively. It can be clearly seen that the imaginary part o; of graphene surface conductivity
can have positive or negative values for different wavelengths and chemical potentials. From
Eq. (3), the relative permittivity of graphene as a function of . and free space wavelength A
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can also be calculated, as presented in plots of Figs. 2(c) and 2(d). As shown in Fig. 2(c), for a
specific 4, &, is positive when u.<hiw/2. Under this condition, the graphene can be regarded as
dielectric and no longer supports transverse magnetic (TM) SPs. However, when y>hw/2, ¢,
starts to change from positive to negative, the graphene then behaves as a metallic layer. It
can be found that ¢; decreases slowly as u. increases when p.<Aiw/2 in Fig. 2(d). And when g,
becomes larger than %w/2, ¢; has a dramatic drop. This variety of optical properties makes
graphene an ideal candidate in applications including invisibility cloaks [43] and plasmonic
sensors [44].

By employing a commercial finite-difference time domain (FDTD) simulation software
(Lumerical FDTD Solutions), the GMS structure was modeled and analyzed. Three-
dimensional (3D) simulations were performed with a TM polarized plane wave incidents in z
direction at 900-2700 nm waveband. The incident angle was set as 6, = 0, i.e. normal
incidence. The inset of Fig. 1(a) shows the direction of incident waves with respect to the
perspective of the proposed GMS structure. Periodic boundary conditions (PBC) were applied
in both x and y directions and perfectly matched layer (PML) boundary condition was applied
in z direction. The FDTD region was set as 0.35 x 0.35 x 1.3 um’. In the regions where SPs
exist, finer meshes with smaller cubes of 1 x 1 x 1 nm® were applied. Smallest cubes of 1 x 1
x 0.1 nm® were applied in the graphene layer to maintain the accuracy and stability of FDTD
calculations. A coarse meshing was constructed elsewhere. In the software, the optical
constants of Ag are taken from literature [45].

3. Results and discussion

Figure 3(a) shows the real and imaginary part of permittivity of graphene for x. = 2 eV, which
is extracted from Figs. 2(c) and 2(d). The distribution of the electric field of a unite cell in
different planes for wavelength 4 = 980 nm was calculated and shown in Figs. 3(b)-3(d). It
can be clearly seen that the standing wave interference patterns of the SPs exist along the x
direction. Figure 3(b) shows that the electric field distribution in plane y = 0. In addition, the
color bar shows the electric field intensity. One can see clearly that the standing wave (SW)
pattern of the SPs existed well at the SiO,/graphene and graphene/air interfaces. And the SW-
SPs was not existing in the silver/SiO, interface. The distribution of electric field in plane z =
113 nm (2 nm above the graphene layer) is shown in Fig. 3(c). Since the nano-slit in Ag film
is infinitely long along the y-direction, we can have a one-dimensional SW-SPs pattern in x
direction. Figure 3(d) is the electric field distribution along the blue dashed line in Fig. 3(c).
Only electric field distribution along half of the blue dashed line is plotted due to the
symmetry of the structure. As can be seen from the figure, the period of the SW-SPs is as
small as 11 nm. Consequently, the period of SW-SPs wave is only about one 89th of 1, = 980
nm in our GMS model. In order to demonstrate the advantage of graphene layer in the SPs
wave-vector improvement, the simple silver-SiO, structure without the graphene layer on the
top was also simulated. The prospective view of the structure was shown in Fig. 3(e). Figure
3(f) shows the electric field distribution in plane y = 0. From this figure, it can be found that
SPs does not exist at the interface of air/SiO,. In comparison with the model with graphene, it
can be concluded that it is the graphene SPs plays an important role in supporting the ultra-
high wave-vector. From Fig. 3(b), we can find the SPs to be confined at the interfaces of
graphene/SiO, and graphene/air. And the intensity of electric field at the positions of nanoslits
in Ag film is more than 1.5 Iy (I, is the intensity of incident wave). Therefore, the physical
mechanism of GMS is based on localized surface plasmon enhancement and graphene
plasmonics. Localized surface plasmon resonance (LSPR) is excited by the nanoslits in Ag
film. The momentum mismatch between the graphene SPs and the excitation source is
compensated by the Ag nanoslits. Hence, the graphene SPs with ultra-high wave-vector are
excited.
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Fig. 3. (a) The real and imaginary part of permittivity of graphene for p. = 2 eV. (b) The
distribution of the electric field in y = 0 plane. (c) The distribution of the electric field in z =
113 nm plane. (d) The distribution of the electrical field intensity along the blue dashed line.
(e) The perspective schematic diagram of the simple silver-SiO, structure. (f) The distribution

of the electric field of the simple silver-SiO, structure in y = 0 plane, with the same parameters
of GMS.
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To further understand the physical mechanism related to obtaining graphene SPs with
ultra-high wave-vector, the wave-vector of SPs supported by a stack of graphene-SiO,-air is
derived analytically by Maxwell’s electromagnetic theory. Figure 4(a) shows the simplified
structure. A TM polarized light incidents normally along z axis. It is hypothesized that the
SPs is already excited on graphene layer.

From the Maxwell equations, one can extract the components of the electric and magnetic
fields. The similar analytical equations can be found in [26].

By also applying boundary conditions, one can obtain the following equation,

kZZ /82 +klz /gl _ e_2k2zd2 kzz /82 _k3z /83
k, | €,~k_I¢g k, /& +k, /&,

“

In the above equation,

-V ke, =1-3) 5

Where k;, and f stand for the components of the wave vector of SPs in the ith layer along z

and x direction, respectively, k, represents the free-space wave-vector and d; (i = 1-3) stands
for the thickness of the ith layer.
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Fig. 5. The simulation results of the imaging performance for GMS model. Point spread
function of (a) reconstructed image in x-direction, (b) a diffraction-limited system, (c¢) FWHM
comparison between conventional lens-based microscopic image (blue curve) and the super-
resolution image by sing the GMS (magenta line) in PSIM, (d) Illustration of resolving
capability of GMS-PSIM of two POs separated with different distances of 2, 4, 6, 10 and 20
nm in x-direction.

Subsequently, the different permittivity and thickness of each layer were taken into
account and the wave vector of graphene SPs at 900-2700 nm waveband can be calculated by
combining Egs. (4) and (5). The results are shown in Fig. 4(b). The circle and cross points
represent the analytical and numerical results, respectively. In general, the period of SW-SPs
increases with the excitation wavelength and follows an Exponential distribution form. From
this figure, one can find that the numerical results agree with the analytical ones fairly well
with a maximum deviation of 6 nm in period. As a result, the ultra-high wave vector of the
GMS model is confirmed by both numerical and analytical methods.

In our GMS model, the nanoslit array is used to assist to excite one-dimensional SW-SPs
on graphene layer. Other coupling elements such as half circle slits and the designed
metasurfaces can also be applied to achieve additional forms of SPs interference patterns [46—
49]. As can be seen from Fig. 3(b), the intensity of the SW-SPs at the graphene/air interface is
about 1.2 1, which surpasses that obtained by other metamaterials [25]. It means that the light
intensity is enhanced for graphene surface plasmonic wave in comparison with the traditional
metamamterials composed by noble metals, which is beneficial e.g. to the imaging of the
biological samples in terms of enhancing the signal to noise ratio.
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The proposed GMS model can be used as a platform for super-resolution imaging with a
PSIM mode. To demonstrate its imaging performance, the images of point objects (POs) were
tested. POs with a step function for intensity are placed upon the graphene layer. The SW-SPs
pattern serves as the structured illumination pattern to illuminate the POs. In this work, only
super-resolution image in x-dimension is reconstructed due to the illumination patterns along
x direction. In order to generate a reconstructed image, the same method in our previous work
is taken and the details can be found elsewhere [26].
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Fig. 6. The analytical and numerical imaging resolution of GMS-PSIM in the near-infrared
waveband. The black circles represent the analytical results, the red line stands for the linear
fitting of the analytical results and the blue crosses represent the numerical results.

In our numerical model, a 10 nm PO is used to obtain the point spread function (PSF) of
the conventional microscopy and the GMS-PSIM systems. The PO with emission wavelength
655 nm is selected [50,51]. The fluorescent signal from the PO is assumed to be detected by
an immersion oil objective with a NA of 1.42. The results are shown in Figs. 5(a)-5(c). Figure
5(a) shows the reconstructed image of the PO in the GMS-PSIM system. Figure 5(b) shows
the image of the PSF of the PO illuminated by a conventional homogeneous pattern. A
comparison of the PSF profile across the x-axis of Figs. 5(a) and 5(b) was shown in Fig. 5(c).
From Fig. 5(c), it can be found that the FWHM of the conventional microscopy is about 238
nm. However, the FWHM is only about 6 nm for GMS-PSIM. Therefore, the imaging
resolution has been improved by about 39.6 folds by introducing the GMS structure in PSIM.
Furthermore, the resolving capability of GMS-PSIM can be obtained by imaging two point
POs with different separation distances as shown in Fig. 5(d). These cross sectional profiles
show the imaging enhancement in x-direction by using a one-dimensional SW-SPs pattern.
Based on the Rayleigh criterion, it is shown that GMS-PSIM is capable to resolve two objects
separated by about 6 nm. However, similar to other super-resolution methods based on
interference methods, there exist sidelobes surrounding the central spots in Figs. 5(b) and
5(d). Appropriate post-processing methods should be used to eliminate these artifacts so that
the image quality can be further improved [52-54].

From Fig. 4(b), on can find the deep subwavelength SPs interference pattern can be
achieved through GSM in the waveband of 900-2700 nm. Therefore, we can expand the
excitation wavelengths to the near-infrared waveband. The resolution of PSIM is A.,/(2NA +
2NA.x) [17,18], in which 4,,, is the emission wavelength of the POs and NA = k,/ky with k,
stands for the wave vector of the excitation light. It is assumed that the emission wavelength
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of POs is 655 nm. After using the analytical results of period of SW-SPs in Fig. 4(b) and the
equation of the resolution of PSIM, the imaging resolution are calculated as shown in Fig. 6.
It can be found from the curve that the value of the imaging resolution becomes larger with
the increase in the excitation wavelength in a linear form. We can also obtain the numerical
imaging resolution, represented as blue cross in Fig. 6. From this figure, one can find that the
numerical results agree with the analytical ones well with a maximum deviation of 2.2 nm in
imaging resolution. Therefore, the optical imaging resolution can be tuned through changing
the excitation wavelength.

4. Conclusions

In summary, a hybrid graphene on meta-surface structure was demonstrated in this work. This
structure features a single graphene layer integrated on a multilayer of SiO,/Ag/SiO,
platform. In comparison with traditional multilayer metamaterial structure and noble metal
meta-structures, the proposed new structure is more elegant and in particular can support SPs
wave with an ultra-high wavevector. The dispersion relation of the structure is presented. It is
found that the period of the SW-SPs pattern is only 11 nm when the wavelength of incident
light is 980 nm. The application of this deep subwavelength SPs interference pattern to super-
resolution optical imaging was discussed. It was found that the reconstructed image shows a
39.6-folds improvement on the resolution in comparison with that of the conventional lens-
based microscopy. The imaging resolution of GSM-PSIM can be tuned in the near-infrared
waveband through changing the wavelength of the incident wave. All of these merits of the
new structure show great potential for variety of applications, e.g. in the field of super-
resolution biomedical imaging.
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