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Abstract: A new photonic crystal structure is generated by using a regular
graphite lattice as the base and adding a slot in the center of each unit cell
to enhance field confinement. The theoretical Q factor in an ideal structure
is over 4×105. The structure was fabricated on a silicon-on-insulator wafer
and optically characterized by transmission spectroscopy. The resonance
wavelength and quality factor were measured as a function of slot height.
The measured trends show good agreement with simulation.
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1. Introduction

Since the first studies of two-dimensional (2D) photonic crystal slabs [1], these structures have
attracted considerable interest [2]. One particularly interesting feature of photonic-crystal slabs
is that they support guided-resonance modes at the Γ point, corresponding to zero in-plane
wave vector [3]. Γ-point modes with the appropriate symmetry properties are excited by nor-
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mally incident light, giving rise to a standing Bloch wave within the slab. Γ-point modes have
been used for a variety of applications, including extraction of light from semiconductors [4],
lasing [5-10], and sensing [11, 12]. They have also been used for enhancement of fluorescence
in dyes [10, 13], single molecules [14], and colloidal quantum dots [15]. We have proposed [16]
and demonstrated [17] the use of Γ-point modes for large-area optical trapping of nanoparticles
in regular arrays, a process we call light-assisted, templated self assembly (LATS). To minimize
the optical power required for LATS, it is advantageous to use a mode for which the field inten-
sity is strongly concentrated at each optical trapping site [18]. In this work, we design, fabricate
and characterize a novel photonic-crystal lattice that supports a Γ-point mode with both strong
spatial field concentration and high, tunable quality factor.

The novel photonic-crystal lattice we demonstrate is based on the principle of slot enhance-
ment [19]. Due to the boundary conditions on the electric field, a narrow slot in a dielectric will
strongly enhance the electric field perpendicular to the slot, and hence the local electromagnetic
field intensity. This effect was initially studied in on-chip waveguides, where light propagates
along the length of the slot [19]. In a previous theoretical paper [18], we showed that slot en-
hancement can also be used to create localized, high-intensity regions within an extended area
guided-resonance mode. In this case, the mode couples to light propagating at normal inci-
dence to the slots. Our initial design was based on a Suzuki-phase lattice. For the experimental
demonstration shown here, we chose a graphite lattice as basis. By introducing a slot into each
unit cell of the original lattice, we create a mode with strong electromagnetic field confinement
within each slot. By tuning the slot dimensions, we obtain a theoretical quality factor (Q) larger
than 105. In comparison to our previous design, our slot-graphite lattice has a flatter band at
the Γ point, a property known to correlate with high experimental values of Q in finite-size
structures [20-22]. We fabricated our slot-graphite lattice in a silicon-on-insulator platform and
characterized the structure via optical transmission spectroscopy. We obtained experimental Q
values as high as 5000 for samples measured in water, comparable to state-of-the-art values
in the literature [23]. We further demonstrated experimental tuning of the resonant wavelength
and Q factor with slot dimension and found that the trends are well predicted by simulation.
We expect that our high-Q, Γ-point slot mode will be useful for LATS, as well as for other
photonic-crystal slab applications.

2. Structure design

a wx
wy

x
y

a) b)

Fig. 1. a) Diagram of the graphite photonic crystal lattice. b) Diagram of the slot-graphite
photonic crystal lattice. The arrows represent the primitive vectors of the Bravais lattice.

We create the slot-graphite lattice by introducing a rectangular slot with dimensions wx ×wy

in the center of each unit cell of the graphite lattice, as shown in Fig. 1. The slot-graphite
lattice has the same Bravais lattice as the original graphite lattice. However, the slot reduces
the lattice symmetry from C6v to C2v [24]. The reduced symmetry increases the size of the
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irreducible Brillouin zone. The irreducible Brillouin zone of the graphite lattice is shown in the
inset to Fig. 2(a) and is 1/12 of the first Brillouin zone. We label it by Γ-M-K-Γ. The irreducible
Brillouin zone of the slot-graphite lattice is shown in the inset to Fig. 2(b) and is 1/4 of the first
Brillouin zone. We label it Γ-M-K-M1-K1-Γ.

Figure 2(a) shows the 3D photonic band structure of the graphite lattice. The bands are cal-
culated using a guided-mode expansion method [25]. We assume a lattice constant a = 800 nm,
a hole radius r = 0.157a, and a slab thickness of 250 nm lying on top of a silica layer and im-
mersed in a material of dielectric constant εb = 1.77. The bands are the same along the M-Γ-K
boundary and the M1-Γ-K1 boundary. At the Γ point, as highlighted by dashed ellipses, the
fourth and fifth bands are degenerate. The corresponding mode profiles are shown in Fig. 2(c).
The Hz components of the two degenerate modes have dipole-like field distributions with dif-
ferent orientations, and thus we refer to them as dipole modes. From group theory, the point
group at the Γ point is the symmetry group of the lattice. C6v supports two two-dimensional irre-
ducible representations and two one-dimensional irreducible representations. The dipole modes
shown in Fig. 2(c) belong to the E1 irreducible representation [26], which allows coupling to
an incident plane wave. The fourth and fifth modes couple to incident x- and y- polarized light,
respectively.

Γ

Μ Κ
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Κ1

a) c)

b) d)
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Μ Κ
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y

Fig. 2. a) Photonic band structure of the graphite photonic crystal lattice. b) Photonic band
structure of the slot-graphite photonic crystal lattice. Upper red line represents the light
line of the upper cladding material. Bottom red line represents silica light line. c) Hz-field
profile (left) and E2 profile (right) of the fourth band (above) and fifth band (below) of the
graphite photonic crystal lattice. d) Hz-field profile (left) and E2 profile (right) of the fourth
band (below) and fifth band (above) of the slot-graphite photonic crystal lattice.

Figure 2(b) shows the band structure of our slot-graphite lattice. The slot dimensions are
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wx = 0.675a and wy = 0.09a. The other geometrical parameters are identical with the graphite
lattice. The bands along the M-Γ-K boundary and the M1-Γ-K1 boundary are different, as
can easily be seen by comparing the dashed ellipses. At the Γ point, the degeneracy of the
fourth and fifth bands in the graphite lattice is removed due to introduction of the slot. For
the slot-graphite lattice, the point group at the Γ point is reduced to C2v. As a result, the two-
dimensional E1 irreducible representation of the C6v group is split into two one-dimensional
irreducible representations of the C2v group ( B1 and B2 ), which correspond to the fourth and
fifth bands, respectively. Both bands couple to an incident plane wave. From the continuity
conditions on the fields, the components of the displacement field �D = ε�E perpendicular to the
slot are continuous [19, 27]. This has the effect of concentrating E2 for the y-polarized mode
(the fifth band) within the slot region, as shown in Fig. 2(d) (upper row). We call this mode
the slot mode. Light confinement within the slot is not apparent for the fourth band, which is
polarized along the x-direction (Fig. 2(d), lower row). We refer to this mode as the dipole mode.

Fig. 3. a) Evolution of the simulated Q factor (red) and wavelength (black) as function a
of wy. b) Evolution of the simulated Q factor (red) and wavelength (black) as a function
of wx. Symbols indicate calculated values, and lines are guides to the eye.

We calculated the Q factor of the slot mode at the Γ point using the FDTD method (Lumer-
ical). In Fig. 3(a), we vary the slot height wy for a fixed slot width wx = 0.675a . The Q factor
is shown in red, and the wavelength is shown in black. A maximum value of Q = 4.3× 105

is obtained for wy = 0.0925a. In Fig. 3(b), we fix wy to the optimal value and vary wx. We
observe that Q is less affected by variations in wx than wy. For example, a change of 20 nm in
wx preserves a Q-factor over 85000 (20% of the peak value), while a change of 20 nm in wy

decreases Q from 4.3×105 to 4300 (1% of the initial value).
We evaluate the spatial field enhancement by considering the maximum electric field value

for the slot mode. Given the same energy in the mode, this value is 3 times bigger than in
the dipole mode of the graphite lattice. Given the same incident power, the maximum electric
field value is 176 times larger than for the dipole mode of the graphite lattice, and 1513 times
larger than for free space. This increase is due to the high Q factor of the mode, in addition
to the spatial field enhancement. It is important to note that, for optimized slot dimensions, in
comparison to our previous theoretical work on the slot Suzuki-phase lattice [18], the slot mode
band is three times flatter at the Γ point; bands with smaller slope have the favourable effect of
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increasing the lateral confinement in finite-sized structures [20-22].

3. Fabrication and optical characterization

1μm

Fig. 4. SEM image of a fabricated slot-graphite device. The smallest slot dimension is
wy = 59 nm. See parameters in the main text.

We fabricated a group of slot-graphite photonic crystal devices in order to characterize the
evolution of the slot modes with varying slot height wy . The devices are fabricated with a fixed
lattice constant of a = 820 nm, air hole radius r/a = 0.155, and slab thickness t = 250 nm.

PD

MO MOPC PCLS LSTS

TL
a) b)

Fig. 5. a) Diagram of experimental setup used to characterize the optical properties of
the photonic crystal lattices. Two crossed polarizers (PC) are applied before and after the
device to cancel out Fabry-Pérot effects. TL: tunable laser; MO: microscope objective; LS:
lens; TS: translation stage; PD: photodiode. b) A typical measured spectrum. The right
transmission peak corresponds to the dipole mode, and the left peak corresponds to the slot
mode, which has a higher Q factor.

The devices were fabricated using e-beam lithography and inductively-coupled plasma reac-
tive ion etching (ICP-RIE). We used a 250 nm thick silicon layer on top of a 3 μm silica layer
(SOITEC). The sample was spin-coated with PMMA-A4 950K. Using a Raith 150 e-beam sys-
tem, a 50 μm diameter slot-graphite pattern was exposed with an acceleration voltage of 30 kV.
The pattern was transferred from the resist to the silicon layer by ICP-RIE etching using a gas
mixture of SF6 and C4F8. Finally, the remaining resist was removed using O2 plasma etching
and acetone. Further details about the fabrication process can be found in Ref. [28]. Figure 4
shows a scanning electron micrograph (SEM) image of one of the fabricated devices. We ana-
lyzed the SEM images and extracted geometrical parameters [29]. The slot width wx was fixed
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to � 550 nm, and wy was increased gradually from 59 nm to 95 nm by an average step of
� 3.3 nm.

Fig. 6. Several representative spectra of the slot-graphite devices as the dimension wy in-
creases from wy � 59 nm (black curve) to wy � 93 nm (orange curve). The intermediate
values are ∼62 nm, ∼80 nm, ∼83 nm and ∼87 nm. The other dimensions of the devices
are kept constant. Numbers with arrows indicate Q factors..

We characterized the transmission spectra of our fabricated samples by means of the surface
coupling technique at normal incidence [30, 31] using the experimental configuration shown in
Fig. 5(a). The sample is immersed in deionized water. Incident light from a tunable laser (TL) in
the near-infrared range between 1500 nm and 1620 nm is collimated from a fiber to free space
by a lens (LS). The light is passed through a polarizer (PC) and focused by a low numerical
aperture microscope objective (MO) onto the sample, which is mounted on a translation stage
(TS). The light transmitted through the sample is collected using another microscope objective,
passed through a second polarizer oriented perpendicular to the first, and coupled via a lens
to a fiber-coupled photodetector (PD). The polarization angle of the incident light is 45◦ with
respect to the longitudinal direction of the slot. With the crossed polarization setup, guided
resonance modes appear as peaks in the transmission spectrum, rather than dips on a Fabry-
Pérot background [32, 33]. A typical spectrum is shown in Fig. 5(b). We observe a narrower
(higher Q factor) slot mode at lower wavelength and a wider (lower Q factor) dipole mode at
higher wavelength.

Figure 6 shows representative spectra for several different values of the slot height wy . This
dimension increases from the smallest value of wy � 59 nm (black curve) to the largest value
of wy � 93 nm (orange curve). The resonant peak shifts to lower wavelengths as the dimension
of the slot increases. We fit the experimental spectra to a Fano function to accurately determine
the resonant wavelength and Q factor [33]. Q factors for several devices are labeled with arrows
in Fig. 6.

Figure 7(a) shows the dependence of the Q factor on slot height. The blue spheres are meas-
ured values, and the red line is a guide to the eye. We observe that the measured Q factor
first increases and then decreases with increasing wy. The highest measured value shown is
∼5000. This value is comparable to state-of-the-art values in the literature for coupled modes
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Fig. 7. a) Evolution of the Q factor as a function of wy. b) Evolution of the wavelength as
a function wy. Blue dots represent experimental data. Black line represent simulated data.
Red lines represent a guide to the eye in a) and a linear fit in b).

measured in water [23]. For devices with wy between 68 nm and 78 nm, we obtained higher
Q values (narrower spectral linewidths). However, since experimental noise prevented accurate
measurement, the data is not shown. The black line shows calculated values from simulations.
The simulation includes the effect of water absorption. The experimental Q values are lower
than the simulated ones, which should be expected due to fabrication imperfection and surface
roughness. Overall, the measured and simulated results show the same trend in Q with slot
dimension.

Figure 7(b) shows the evolution of resonant wavelength with slot height. Blue spheres show
measured values, the red line shows a linear fit, and the black line shows simulation results.
The measured wavelength decreases monotonically from 1613 nm to 1560 nm as wy increases
from 59 nm to 95 nm. In this domain of values of wy the evolution of wavelength with wy

can be approximated by a linear function (for values smaller than 60 nm the trend is not linear).
From the fit, we observe that the experimental and simulation results show very good agreement
(slope difference below 1% and vertical separation ∼5 nm).

4. Conclusions

We have proposed a new photonic-crystal slab structure, the slot-graphite lattice. It is created
by placing a slot in the center of each unit cell of the graphite lattice. Simulations show that
a mode is created with high electromagnetic field confinement in the slots. The theoretical Q
value is higher than 105. We fabricated the structure on an SOI platform and characterized
the mode via crossed-polarization transmission measurements. Q factor values up to 5000 have
been measured, and the trends in Q and wavelength with slot height agree well with simulations.

Our new structure, which provides both a large, tunable Q factor and strong confinement
near the slab surface, holds strong promise for light-assisted templated self assembly (LATS),
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as well as for other applications of Γ-point modes in photonic-crystal slabs. For example, the
ability to tune the Q factor over a wide range, while preserving high spatial confinement, may
prove useful for applications in which Q-factor matching considerations hold [34], such as the
development of low-threshold, optically-pumped dye lasers [10].
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