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Abstract

A simple and low-cost technique called low one-photon absorption (LOPA) direct laser
writing (DLW) is demonstrated as an efficient method for structuration of multidimen-
sional submicrostructures. Starting from the diffraction theory of the electromagnetic
field distribution of a tightly focused beam, the crucial conditions for LOPA-based
DLW are theoretically investigated, and then experimentally demonstrated using a
simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures were
successfully fabricated in different materials, such as commercial SU8 photoresist and
magnetic nanocomposite. The advantages and drawbacks of this LOPA-based DLW
technique were also studied and compared with the conventional two-photon absorp-
tion based DLW. Several methods were proposed to overcome the existing problem
of the DLW, such as the dose accumulation and shrinkage effect, resulting in uniform
structures with a small lattice constant. The LOPA-based DLW technique should be
useful for the fabrication of functionalized structures, such as magneto-photonic and
plasmon photonic crystals and devices, which could be interesting for numerous
applications.

Keywords: direct laser writing, one-photon absorption, photonic crystal, magnetic
nanocomposite, magneto-photonic microstructures

1. Introduction

In recent years, various fabrication techniques have been proposed and implemented to realize
structures at micro- and nanoscales, opening numerous applications such as micro-machin-
ing, optical data storage, nanophotonics, plasmonics, and bio-imaging, etc. [1-4]. Among
those techniques, optical lithography, which includes mask lithography [5, 6], interference
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134  Theoretical Foundations and Application of Photonic Crystals

or holography photolithography [7-9], and direct laser writing [10-13], is the most popular
because of its simplicity, flexibility and capability of producing different kinds of microstruc-
tures, addressing a variety of applications.

The fundamental working principle of the optical lithography involves the use of a photore-
sist, a light-sensitive material, which changes its chemical property when exposed to light.
Based on the reactions of photoresists to light, they are classified into two types: positive
photoresist and negative photoresist. With positive photoresists, the areas exposed to the light
absorb one or more photons and become more soluble in the photoresist developer. These
exposed areas are then washed away with the photoresist developer solvent, leaving the
unexposed material. With negative resists, exposure to light causes the polymerization of the
photoresist chemical structure, which is just the opposite of positive photoresists. The unex-
posed portion of the photoresist is then dissolved by the photoresist developer. Light sources
of different wavelengths are used based on the purposes of the fabrication, which involve the
absorption mechanisms of the used photoresist. There are two types of absorption mecha-
nisms, namely one-photon absorption (OPA) and two-photon absorption (TPA). The OPA
excitation method is an ideal way to fabricate one- and two-dimensional (1D and 2D) thin
structures [14]. In this technique, a simple and low-cost continuous-wave (CW) laser operat-
ing at a wavelength located within the absorption band of the thin film material is used as the
excitation source. Wavelengths in the UV range or shorter are commonly used to achieve high
resolution [15]. This method is usually applied in mask lithography and interference tech-
niques, where an entire pattern over a wide area is created in seconds. All structures are often
realized at the same time; therefore, these techniques are called parallel processes. However,
due to the strong absorption effect, light is dramatically attenuated from the input surface.
Thus, it is impossible for OPA to address thick film materials or 3D optical structuring.

The TPA (or multi-photon absorption) technique presents a better axial resolution. In this case,
two low energy photons are simultaneously absorbed inducing the optical transition from the
ground state to the excited state of the material, equivalent to the case of linear absorption
(OPA). Two-photon absorption is a nonlinear process, which is several orders of magnitude
weaker than linear absorption, thus very high light intensities are required to increase the
number of such rare events. In practice, the process can be achieved using a pulsed (picosec-
ond or femtosecond) laser. The TPA method is commonly applied for the technique called
direct laser writing (DLW), in which a pulsed laser beam is focused into a sub-micrometer
spot, resulting in a dramatic increase of the laser intensity at the focusing spot. Hence, TPA-
based 3D imaging or fabrication can be achievable [4, 11, 12] with high spatial resolution.

Indeed, DLW has been proved to be an ideal way to fabricate sub-micrometric arbitrary struc-
tures, offering flexibility, ease of use, and cost effectiveness. As opposed to mask lithography
and interference techniques, DLW is a serial process in which a structure is realized by scan-
ning the focusing spot following a desired pattern. Thus, any arbitrary 1D, 2D, and 3D peri-
odic or non-periodic pattern can be fabricated on demand.

However, as mentioned above, the TPA-based DLW requires the use of a femtosecond or
picosecond laser and a complicated optical system, making it a rather expensive fabrication
technique. Recently, an original method called LOPA (low one-photon absorption) DLW has
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been demonstrated [16, 17], allowing one to combine the advantages of both OPA and TPA
methods. Indeed, the LOPA method employs a simple, CW and low power laser, as in the case
of conventional OPA, but it allows the optical addressing of 3D objects, as what could be real-
ized by the TPA method, by using a combination of an ultralow absorption effect and a tightly
focusing spot. The illustration of an absorption spectrum of photoresist shown in Figure 1(a)
represents three absorption mechanisms, which are shown in Figure 1(b): conventional OPA
(solid ring), LOPA (dashed ring) and TPA (dash-dotted ring), respectively. If a laser beam,
whose wavelength is positioned at the edge of the absorption band where the absorption is
ultralow, is applied, the light intensity distribution remains almost the same as in the absence
of material. In short, by tightly focusing an optical beam inside a thick material with a very
low absorption at the operating wavelength, it is possible to address 3D imaging and 3D fabri-
cation, as what realized by TPA method. As compared to the latter one, this LOPA-based DLW
is very simple and inexpensive and it allows one to achieve very similar results.

This chapter presents theoretically and experimentally this original fabrication method,
LOPA-based DLW technique, which allows the realization of multidimensional sub-microm-
eter photonic crystals. The advantages of this fabrication method will also be presented and
compared with other fabrication techniques.

In Section 2, the theory of the LOPA-based DLW method and experimental conditions to
realize 3D sub-microstructures are presented. In this case, the vectorial diffraction theory of
a laser beam, tightly focused by a high numerical aperture objective lens, is extended taking
into account the very low absorption of the propagating medium. Numerical calculations will
also be shown.

In Section 3, it will be demonstrated experimentally that any sub-micrometer 1D, 2D, and
3D structures can be realized by the LOPA-based DLW technique, by choosing appropriate
photoresist and excitation laser wavelength.
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Figure 1. (a) Illustration of the absorption spectrum of a photoresist. The three rings illustrate three ranges of wavelength
corresponding to (b) three absorption mechanisms: standard one-photon absorption (OPA), low one-photon absorption
(LOPA), and two-photon absorption (TPA).
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136 Theoretical Foundations and Application of Photonic Crystals

In Section 4, different additional methods to optimize the LOPA-based DLW are demon-
strated in order to obtain sub-microstructures, which show high uniformity, less shrinkage,
and with a lattice constant smaller than the diffraction limit.

To demonstrate the versatility of the LOPA-based DLW, in Section 5, the fabrication of mag-
neto-photonic sub-microstructures for biomedical engineering realized by the LOPA-based
DLW technique is presented. This opens many promising applications, such as tunable pho-
tonic structures based on magneto-optical effect and development of microrobotic tools for
transport in biological systems.

In the last section, some conclusions of the newly developed LOPA-based DLW technique,
advantages this technology brings to the photonic crystal field, as well as some prospects will
be discussed.

2. Theory of LOPA-based DLW technique

In this section, the vectorial Debye approximation is presented, based on which a new math-
ematics representation is further established, where the absorption effect of the material is
taken into account when a light beam propagates through an absorbing medium. Based on
the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of
the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetra-
tion depth of light beam on the formation of a tight focusing spot are investigated. From that,
the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.

2.1. Electromagnetic field distribution of a tight focused beam in an absorbing medium

The mathematical representation of the electromagnetic field distribution in the focal region
of an OL was proposed by Wolf in the 1950s [18]. This theory based on the vectorial Debye
approximation allows the calculation and prediction of the intensity and polarization distri-
butions of a light beam focused inside a material by a high NA OL. Nonetheless, the influ-
ence of material absorption on the intensity distribution and the focused beam shape of a
propagating optical wave have not been systematically investigated yet. In this section, the
mathematical representation proposed by Wolf [18] will be employed, taking into account the
absorption effect of the material when a focused light beam propagates through it, in order to
investigate the intensity distribution, especially in the focal region.

The schematic representation of light focusing in an absorption medium is shown in Figure 2.
D is the interface between the transparent material, such as a glass substrate or air, and the
absorbing material. To simplify the problem, it is assumed that the refractive index mismatch
problem arising at any interface is negligible. d represents the distance between the D inter-
face and the focal plane. The electromagnetic field near the focal plane in Cartesian coordi-
nates (x, y, z) [16, 19] is represented by,

-E — _% J]Q T(S)A(S) e[ik(s(x+syy+szz)] dsx dsy, (1)
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Figure 2. Schematic representation of a tightly focused light beam inside an absorbing medium. o is the absorption
coefficient of the medium, O is the focal point, D is the interface between the transparent and the absorbing media, r is
the distance from an arbitrary point on the D plane to the focal point, and d is the distance between the D plane and the
focal plane of the objective lens.

where C is a constant, k is the wave number (k =2mn/A), n is the refractive index of the absorb-
ing medium, A is the excitation wavelength, Q is a solid angle corresponding to the objective
aperture, S=(s, S, s.) is the vector of an arbitrary optical ray, and T(s) = P(s)B(s)is a transmis-
sion function where P(s) is the polarization distribution and B(s) is the amplitude distribution
at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as
A(s) =exp(-or), where ¢ is the absorption coefficient and r indicates the optical path of each
diffracted light ray in the absorbing medium, which is defined as the distance from a random
point located in the D plane to the focal point, as shown in Figure 2. For calculations, r is
determined by

r = G-+ (y'-y)*+(d-2)?, )

where (x,y, d) gives the position of an arbitrary diffracted light ray located on the D plane.
Theoretically, Eq. (1) allows calculation of the light distribution resulting from the interfer-
ence of all light rays diffracted by the exit pupil of the OL. However, in practice, the light
intensity and the focus shape at the focus region depend strongly on the absorption term A(s)
since light is absorbed by the material in which it propagates and its amplitude decreases
along the propagation direction.

The light intensity distribution, also called point spread function (PSF), in the focal region of
the OL is defined as

£

Lrse = EE 3)

This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field
distribution in the focal region depends on various parameters, such as the polarization of
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incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to
have an analytical solution of the light field at the focusing spot of a high NA OL. However, it
can be numerically calculated, which will be shown in the next part.

2.2. Numerical calculation of point spread function

In order to numerically calculate the light intensity distribution, the I, equation was pro-
grammed by a personal code script based on Matlab software, with the influence of different
input parameters including the absorption coefficient of the studied material, the NA of the

OL, and the penetration depth of the light beam.

First, the influence of the absorption effect of the SU8 material, which will be used later for
experimental demonstration in the next sections, was investigated. Based on the absorption
spectrum of SU8 shown in Figure 5(b), three typical wavelengths to calculate the intensity
distribution in the focal region were chosen, representing three cases of interest: conventional
OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorp-
tion coefficients in each case are: 0, = 240,720 m™ (A, =308 nm), 0, =723 m™" (A, =532 nm), and
0,=0m™ (A, =800 nm). The absorption interface (D) was arbitrarily assumed to be separated
from the focal point O by a distance of 25 um, the NA of the OL was chosen to be 0.6, the
refractive index (1) of SU8 is 1.58. As seen in Figure 3(a,), the incoming light is totally attenu-
ated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why
it is not possible to optically address 3D object with the conventional OPA method. However,
when using an excitation light source emitting at 800 nm, the absorption coefficient is zero,
thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity
distribution. The numerical calculation result derived from the quadratic dependence of the
EM field is shown in Figure 3(a,). The size of the focusing spot (full width at half maximum,
FWHM) is quite large due to the use of a long wavelength. However, in practice, two pho-
tons can only be simultaneously absorbed at an intensity above the polymerization threshold.
Therefore, a small effective focusing spot below the diffraction limit can be achieved with the
TPA method by controlling the excitation intensity.

The case where the linear absorption is very low (LOPA) was considered. At the wavelength
A =532 nm, the absorption coefficient is only 723 m™, which is much smaller than that at 308 nm.
Simulation results show that light can penetrate deeply inside the absorbing material without
significant attenuation thanks to this very low linear absorption. As shown in Figure 3(a,)),
the light beam can be tightly confined at the focusing spot, which can then be moved freely
inside the thick material, exactly as in the case of TPA. Furthermore, LOPA requires a shorter
wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The
diagram depicted in Figure 3(a,) shows clearly the difference of the intensity distribution along
the optical axis of three excitation mechanisms. It is important to note that there is no inten-
sity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA
requires a precise control of light dose in order to achieve high resolution optical addressing.

The NA of OL is also an important parameter to be taken into account for LOPA case. It was
demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions
at the focusing spot obtained with OLs of different NA values (with the same low absorption
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Figure 3. (a) Numerical calculations of light propagation inside SU8, by using different wavelengths, (a,) 308 nm, (a,)
532 nm, and (a,) 800 nm, respectively. (a,) Intensity distributions along z-axis of the light beams shown in (a, ). In this
calculation, NA = 0.6, refractive index n = 1.58, and d =25 um. (b) Propagation of light (A = 532 nm) inside SU8, with (b,)
NA =0.3, (b,) NA =0.6, and (b,) NA = 1.3, respectively, d = 30 um. (b,) Intensity distributions along z-axis of the light
beams shown in (b, ).
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coefficient o, =723 m™) are shown in Figure 3(b). It is clearly seen that with an OL of low NA
(NA =0.3), the light beam is not well focused, resulting in low contrast intensity distribution
between the focal region and its surrounding. Therefore, the LOPA-based microscopy using a
low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focus-
ing (for example, NA =1.3), the light intensity at the focusing spot is a million time larger than
that at out of focus, resulting in a highly resolved focusing spot (Figure 3(b,)).

For all the above calculations, it can be concluded that the LOPA-based microscopy is promis-
ing for the realization of 3D imaging and 3D fabrication, similarly to what could be realized
by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of
3D structures can be realized by moving the focusing spot inside the material since fluores-
cence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently
within the focal spot volume only.

It is worth noting that in LOPA technique, the absorption exists, even if the probability is very
small, the penetration depth is therefore limited to a certain level. This effect exists also in the
case of TPA, but it is more important for LOPA. Figure 4 represents the maximum intensity at the
focusing spot as a function of the penetration length, d. For this calculation, the ultralow absorp-
tion coefficient of SU8 at A =532 nm, o =723 m™ was considered. At the distance of 390 um, the
intensity was found to decrease by half with respect to that obtained at the input of absorbing
material (D interface). This penetration depth of several hundred micrometers is fully compat-
ible with the scanning range of piezoelectric stage (typically, 100 um for a high resolution), or
with the working distance of microscope OL (about 200 um for a conventional high NA OL).

In summary, in order to realize the LOPA-based microscopy, two important conditions are
required: (i) ultralow absorption of the studied material at the chosen excitation wavelength,
and (ii) a high NA OL for tight focusing of the excitation light beam. To experimentally dem-
onstrate the application of LOPA in DLW, in the next chapter, SU8 will be used as the material
and a CW laser at A =532 nm as the excitation source.

1.0
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Figure 4. Red curve: normalization of intensity (I/])) at the focusing spot as a function of the propagation length. I, and I,
are the intensities obtained with and without absorption medium, respectively. Dot curves: zoom on intensity profiles of
the focusing spot along the optical axis, calculated at different d. The results are simulated with: ¢ =723 m™; A =532 nm;
NA =13 (n=158).
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3. Experimental demonstration of LOPA-based 3D microfabrication

3.1. Experimental setup and fabrication procedure

The LOPA technique can obviously be used for all 3D applications, including 3D imaging
and 3D fabrication. As mentioned in section 2, two conditions are required: a photoresist that
presents an ultralow absorption at the wavelength of the excitation laser, and a high focusing
confocal laser scanning (CLSM) system. For the first condition, SU8 photoresist is an excel-
lent candidate, thanks to its ultralow absorption in the visible range, for example at 532 nm
(Figure 5(b)), which is the wavelength of a very popular and low-cost laser. By using a high
NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condi-
tion is then satisfied.

LOPA TPA

532
nm

T T T T ] 1
300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. (a) A sketch of the experimental setup. PZT: piezoelectric translator, OL: oil immersion microscope objective,
A/4: quarter-wave plate, A/2: half-wave plate, BS: beam splitter, PBS: polarizer beam splitter, M: mirror, S: electronic
shutter, L, : lenses, PH: pinhole, F: 580 nm long-pass filter, APD: avalanche photodiode. (b) Absorption spectrum of SU8

photoresist. The color bars indicate three cases: OPA (purple bar), LOPA (green bar), and TPA (red bar). To demonstrate
LOPA DLW, a laser operating at 532 nm is used.
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In order to demonstrate the LOPA DLW technique, a confocal optical system illustrated in
Figure 5(a) was built. In this system, a CW laser operating at 532 nm is used. The laser power
is monitored by a combination of a half-wave plate (A/2) and a polarizer. The laser beam is
directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrica-
tion, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by
a LabVIEW program. A quarter-wave plate (A/4) placed in front of the OL is inserted and ori-
ented to generate a circularly polarized beam for mapping and fabrication. The high NA oil-
immersion objective (NA =1.3) placed beneath the glass coverslip is used to focus the excitation
laser beam. The fluorescence signal emitted by the samples is collected by the same objective,
filtered by a 580 nm long-pass filter, and detected by an avalanche photodiode (APD).

For fabrication, SU8 photoresist is coated on a glass substrate. In order to remove all contami-
nation on the surface, glass substrates must be treated with acetone and an ultra-sonication
prior to the spin coating. After the cleaning process, SU8 of different viscosities (SU8 2000.5,
SU8 2005, or SU8 2025) is spin coated on the glass substrates, depending on the types of the
desired structure. For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thick-
ness of 0.5 and 2 um, are used. For 3D structures, other types of SU8 at higher viscosity, for
example SU8 2005 or 2025, are required. The spin coating step is followed by a soft baking
step at 65°C and 95°C, the soft baking time depends on the types of SU8 used.

Before writing the structure on the photoresist, the interface between the glass substrate and
the photoresist layer must be determined. To determine the interface, the focusing spot is
scanned along xz or yz plane at very low laser power to prevent polymerization, and the fluo-
rescence signal can be collected by the APD. This step allows one to precisely write the struc-
ture at the desired position. Then the laser power is increased to several mW to fabricate any
desired structures by scanning the focusing spot along a path programmed with Labview. Post
exposure bake (PEB) is carried out after the fabrication, and followed by a development step.

3.2. Verification of LOPA-based fabrication

It has been demonstrated, by analyzing fluorescence emission, that the SU8 photoresist lin-
early absorbs the excitation laser at 532 nm-wavelength [17]. For the LOPA CLSM, the inten-
sity at the focusing region (of the order of 107 W/cm?) is much higher than that at the input
of the optical system (10 W/cm?), allowing the excitation and fluorescence detection of the
focal spot volume only. The fluorescence measurements in which the emission is quite low
are enabled by the use of an avalanche photodiode (APD).

By using the standard fabrication process described in the previous part, it was demonstrated
that polymerization is achieved only at the focusing spot of the microscope objective, where
the excitation intensity is sufficiently high to compensate the low linear absorption of the
resist. In the case of TPA, there are two thresholds: the first one related to light intensity,
above which two photons are simultaneously absorbed, and the second one related to dose,
above which complete photopolymerization is achieved. However, in the case of LOPA, there
exists only one threshold related to dose. Thanks to a high intensity at the focusing spot, the
complete photopolymerization is only achieved in this region. Figure 6 shows SEM images
of experimental results. For each exposure, a solid structure, called “voxel,” corresponding to
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(b)

Figure 6. Fabrication of voxels by single-shot exposure. (a) Theoretical calculation of the contour plot of light intensity
at the focusing region (NA = 1.3, n =1.518, A = 532 nm). (b) SEM image of a voxels array obtained by different exposure
doses. Three ranges of voxels are fabricated correspondingly to the exposure time t,, t, and t, whose corresponding doses
are 0.9, 0.7 and 0.4 as indicated in (a). These experimental results explain the OPA nature where the formed voxel shape
is determined by the exposure dose. (c) Complete voxel lying on the substrate indicated an ellipsoidal form (exposure
time t, was applied). This form is similar to that obtained by the TPA method.

a focusing spot, was obtained. By changing either the excitation power or the exposure time,
i.e. the dose, the voxel size and shape can be adjusted, as shown in Figure 6(b). A CW green
laser power of only 2.5 mW and an exposure time of about 1 second per voxel were required
to create these structures. Figure 6(b) shows, for example, a voxel array realized with three
different exposure times. The dose dependence can be explained theoretically by calculating
the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained with ¢,
t, and t, in Figure 6(b) correspond to three different iso-intensities illustrated in Figure 6(a),
namely 0.9, 0.7 and 0.4, respectively. The operation in the OPA regime is fully confirmed by the
evolution of voxel size and shape observed experimentally. Indeed, in the case of TPA, the cre-
ation of bone-like voxel shape requires very high excitation intensity and could not be easily
realized due to the TPA intensity threshold. In the case of LOPA, all these voxels shapes were
obtained by simply adjusting the exposure time while the laser power is kept at a low value.
Smaller voxels as shown in Figure 6(c) require shorter exposure times. Certainly, the exposure
time required to create sub-micrometer structures varies as a function of the laser power.

Pillar arrays were also fabricated by scanning the focusing spot of the laser along the thick-
ness of a 1 um SUS8 film with different writing speeds. Figure 7 shows the pillar size as a
function of writing velocity for three values of laser power, P =7.5, 6, and 4.5 mW. The fab-
rication of smaller pillars down to 190 nm is possible [17]. The size of individual pillars is
quite small when considering the wavelength (532 nm) used for the writing process. As for
the linear dependence with intensity (OPA vs. TPA) [20, 21], the diameter-dose relationship
agreement confirms this behavior, as the intensity I, is used for the fit, instead of I? in the
case of TPA. This result confirms the fabrication of sub-microstructures by LOPA-based DLW
method.
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Figure 7. (a) SEM image of a pillar arrays fabricated at different writing velocity and laser powers. (b) Dose dependence
of size of pillars shown in (a), with different laser power values, P=7.5, 6, 4.5 mW, and different writing velocities, v =1.0,
1.5, 2.0, 2.5, and 3.0 um/s. Scale bar: 10 um.

3.3. LOPA-based DLW for 3D microstructure fabrication

In order to demonstrate 3D fabrication, 3D arbitrary photonic crystals (PCs) have been real-
ized. In the fabrication process, the dose was adjusted by changing the velocity of the PZT
movement while the input power is fixed. The doses were varied from structure to structure
depending on the size and separation (periodicity of PC). In the first experiment, a series of
different size 3D woodpile PC structure on glass substrate was fabricated. It is noted that,
SU-8 exhibits a strong shrinkage effect, which results in the distortion of the fabricated struc-
ture. After a number of experiments, acceptable parameters for woodpile, which are an input
power of 2.5 mW and a velocity of 1.4 um/s, were found. Applying these parameters, 3D
diamond lattice-like-based PC structures such as woodpile, twisted chiral and circular spiral
can be realized.

Figure 8(a—f) shows SEM images of 3D woodpile, spiral and chiral PCs fabricated with
these optimum fabrication parameters. The woodpile structure (Figure 8(a and b)) consists
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ey

Figure 8. (a-b) SEM images of a woodpile structure fabricated with the following parameters: distance between
rods = 1.5 um; distance between layers = 0.7 um; number of layers = 20; laser power P = 2.5 mW and scanning speed
v =1.4 um/s. (c and d) SEM images of a chiral structure. Structure and fabrication parameters: distance between rods
a =2 um; distance between layers ¢/3 =0.75 pm; number of layers = 28; line width r =300 nm; laser power P =2.8 mW and
scanning speed v = 1.34 um/s. (e-f) SEM images of a spiral structure (shown in inset). Fabrication parameters: diameter
of a spiral D =2 um; spiral pitch C =2 pm; lattice constant a =3 pum; spiral height equals to film thickness = 15 pm; laser
power P =2.6 mW and scanning speed v = 1.34 um/s.

of stacked 20 layers. Each layers consists of parallel rods with period a = 1.5 pm. Rods in
successive layers are rotated by an angle of 90° relative to each other. Second nearest-neigh-
bor layers are displaced by a/2 relative to each other. Four layers form a lattice constant
¢ = 2.1 um. SEM measurement shows that the line width of rods on the top layer is about
320 nm, which is 1.5 times of the voxel standard size. This means that the size of the rod
can be minimized further. Woodpile structure with measured separation between rods on
the top layer of only 800 nm and the measured line width of 180 nm was also successfully
fabricated. This result shows evidently that separation of rods and layers are comparable to
the wavelength of visible light. Figure 8(c—f) shows, as examples, two other kinds of sub-
micrometer 3D structures. Clearly, 3D chiral or spiral structures are well created, which are
as good as those obtained by TPA DLW. The structures features are well separated, layer by
layer, in horizontal and in vertical directions. The feature sizes are about 300 nm (horizontal)
and 650 nm (vertical).

Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic crystal
showed evidently the advantage of LOPA idea in combining with regular DLW. With a few
milliwatts of a CW laser and in a moderate time, any kind of sub-micrometer structure with
or without designed defect could be fabricated. However, some fabricated structures are not
uniform or distorted. The physical causes of the distortion can be attributed to two main
effects: dose accumulation effect [22] and shrinkage effects [23]. In the next section, some
techniques to overcome those effects will be experimentally demonstrated.
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4. Optimization of LOPA-based DLW technique

4.1. Dose accumulation effect

As a consequence of linear behavior of absorption mechanism, the dose accumulation effect
is the inherent nature of linear absorption material [24, 25]. In contrast to a conventional TPA
method, a photoresist operated in OPA regime does not have any threshold of polymerization
[26], hence the voxel size can be controlled by adjusting the exposure dose. In principle, polym-
erization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel
(smaller than the diffraction limit) [27]. However, when two voxels are built side-by-side with
a distance of about several hundred nanometers, two resulting voxels are no longer separated
[17]. This issue evidently originates from the dose accumulation effect in OPA process.

Similar to OPA microscopy where the microscopy image cannot resolve two small objects
which localize at about several hundred nanometers from each other, the fabricated voxels
in DLW also cannot be separated. Abbe’s criterion states that, the minimum resolving dis-
tance of two objects is defined as 0.61A/NA, where A is the wavelength of incident light. This
diffraction barrier thus imposes the minimum distance between different voxels, created by
different exposures. Moreover, when multiple exposures are applied, although isolated voxel
fabrication is ideally confined to the focal volumetric spot, the superposition of many out-
of-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This
results in the larger effective voxel size, even with a distance far from the diffraction limit.
Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency
depending on the linear absorption cross-section of the irradiated material. The absorbed
energy is gradually accumulated as a function of exposure time.

Figure 9 shows the theoretical calculations and experimental results of the dependence of
the voxels size on distance. When two voxels are separated by a distance shorter that 1 pm,
a clear accumulation effect is observed, resulting in a voxel of larger size. When the separa-
tion changes from 2 to 0.5 um, the FWHM of each voxel is increased from 190 to 300 nm.
Moreover, for a short separation, the voxels array is not uniform from the center to the edge
part, as can be seen in case of a separation of 0.5 um. In the parts below, two strategies to get
rid of this accumulation effect are discussed.

4.1.1. Dose compensation strategy

According to the structures fabricated by LOPA DLW and the theoretical calculation, the dose
accumulation effect should be compensated in order to get superior structure uniformity. The
compensation technique idea is based on a balance of the exposure doses over the structure.
In other words, a certain amount of the exposure dose should be reduced at the region (or a
part or a division) where the dose accumulation effect strongly occurs and should be added
to the region where the dose is lacking.

As demonstrated above, the accumulation effect depends on the separation distance, s. 2D
micropillars array was fabricated by scanning the focusing spot along the z-axis to demonstrate
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Figure 9. Dependence of voxel sizes on separation between voxels calculated at the iso-intensity = 0.5 (I =1 /2), showing
the influence of energy accumulation from one focusing spot to another. Insets show simulated images (blue background)
and SEM images (gray background) of 2D voxel arrays fabricated with different distances between two voxels: 2, 1, and
0.5 um. Scale bar (from left to right): 0.5, 1, and 2 pm.

the accumulation effect and the dose compensation technique. The variation of the pillars
size as a function of s distance, from 0.3 to 3 um, has been systematically investigated [22].
According to the pillars size variation, from the center to the edge of the structure, the size
difference could be compensated by gradually increasing the exposure doses for outer pillars.
The intensity distribution of a pillar array and the dose compensation strategy are shown in
Figure 10(a). Different dose compensation ratios have been experimentally applied, indicated
by letters A, B, C, and D. Two sets of structures have been fabricated on the same sample in
order to maintain the same experimental conditions: one without and the other with dose
compensation. The accumulation effect in the case of s = 0.4 um, obtained without compen-
sation, is shown in Figure 10(b). It can be seen that the structure is not uniform, and the
outmost voxels collapse into central pillars. With dose compensation, i.e. the doses for outer
pillars are increased, 2D micropillars arrays become uniform. Structures realized with dif-
ferent dose ratios, corresponding to A, B, C, and D schemes depicted in Figure 10(a), are
shown in Figure 10(c—f). With high dose compensation amplitude, the size of outer pillars
becomes even larger than those in the center. By using an appropriate dose compensation
ratio, perfectly uniform 2D micropillars array is obtained, as shown in Figure 10(c). The struc-
ture period is only 400 nm, the height of pillars is about 700 nm, and pillar’s diameter is about
160 nm. Structures with periods of several hundred nanometers are very suitable for photonic
applications in visible range.
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accumulation effect

LA
LA 2 2 11

Figure 10. Compensation of dose accumulation for s = 0.4 um. (a) Theoretical calculation of the intensity distribution
as a function of x—position (blue color), and proposition of different doses, indicated by A, B, C, and D (red color) to
compensate the dose accumulation effect. (b—f) SEM images of 2D hexagonal structures realized without compensation
(b), and with compensation with different doses: A (c); B (d); C (e), and D (f). The excitation power was fixed at 2.5 mW
and the dose was adjusted by changing the writing velocity.

4.1.2. Local PEB for small and uniform microstructures

The dose compensation technique are presented above and proved to be able to compensate
the size difference in the structures. Nonetheless, this technique requires numerous calcula-
tion and tests in order to find out the appropriate dose compensation parameters. For exam-
ple, for the fabrication of other 2D structures with a sub-micrometer period containing an
arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be
controlled for individual voxel (or pillar) as a function of its position in the structure and with
respect to the defect. This requires many attempts to find out the optimized parameters since
the dose compensation is different for different structures.

In this part, the thermal effect induced by a CW green laser in the LOPA-based DLW technique
has been investigated, which plays a role as a heat assistant for completing the crosslinking
process of the photopolymerization of SU8 [28]. The fabrication of sub-microstructures using
LOPA DLW with a laser induced thermal effect, also called local PEB, was demonstrated, and
it was also shown to alter the traditional PEB on a hot plate and help overcome the accumula-
tion effect existing in standard LOPA DLW.

For the demonstration of local PEB, two sets of 2D structures were fabricated, each set con-
tains pillar arrays written at different doses (by varying the laser power and the writing
speed). One set was realized following the traditional process, i.e., after exposure, the sample
was post-baked for 1 min at 65°C and then 3 min at 95°C using hot plate. For the other set, the
PEB step was skipped, which means that the exposure process was followed directly by the
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development process. It has been observed that for the same dose, the pillars fabricated with-
out PEB are smaller than those fabricated with PEB [28]. Due to the fact that the structures
are not formed at low power (low light intensity), it is assumed that the applied laser power
or intensity must be above a threshold in order to induce enough heat for the crosslinking
process, and this threshold should be higher than that of standard LOPA (with PEB) for a
complete photopolymerization.

Figure 11(a) shows the accumulation effect observed in the structures fabricated using tra-
ditional PEB process at different doses. The distance between two pillars is 500 nm, which
is considered as a sufficiently short separation to induce noticeable accumulation effect. It
can be observed that the pillar size decreases from the center to the edge, with a variation of
10-20%, resulting in non-uniform structures. Figure 11(b) shows the SEM images of struc-
tures obtained using local PEB. In this case, in order to induce sufficiently high tempera-
ture, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In
contrast to the structures fabricated using traditional PEB, which shows accumulation effect
(Figure 11(a) on the top), the structures obtained with local PEB show nearly perfect unifor-
mity (Figure 11(b) on the top). Moreover, as compared to the dose compensation method, the
LOPA-based DLW using local PEB does not require testing, since the dose applied is constant
for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped,
which is a great advantage in terms of fabrication time. Furthermore, comparing to structures
realized by TPA-based DLW, the period of these fabricated structures is much shorter (only
500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an addi-
tional advantage of this LOPA technique.

The heat equation [29] was also solved using finite element model realized by Matlab to dem-
onstrate that the heat induced by high excitation intensity of a 532 nm CW laser confines
the crosslinking reaction in the local region where the temperature is higher than the PEB
temperature. This resulted in fine and uniform structures, since only the material within the
effective temperature region was properly polymerized. Temperature-depth dependence cal-
culation shows that this technique allows the fabrication of uniform 3D sub-micro structures
with large thickness. This is then evident by an experimental demonstration of fabrication
of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm [28].
Compared to the commonly used TPA method, LOPA-based DLW with local PEB shows
numerous advantages such as simple, low-cost setup and simplified fabrication process,
while producing same high-quality structures.

4.2. Shrinkage effect

Shrinkage is a fundamental issue for photopolymerization in the photopolymer. It is diffi-
cult to avoid the non-uniformity when the conventional polymerized microstructures are
attached to substrates. The origin of this effect for TPA polymerization has been investigated
[30]. It was suggested that the origin of the shrinkage is the collapse of this material during
the development stage owing to the polymer not being fully cross-linked when they are made
at the irradiation power close to the photopolymerization threshold. At fabrication intensi-
ties slightly above the photopolymerization threshold, the photopolymerization yield is not
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Figure 11. Comparison between structures fabricated with standard PEB (a) and local PEB (b) shows the advantage
of “local PEB” in overcoming the accumulation effect. Left: SEM images of fabricated structures. Top: sizes of pillars
indicated by the dashed line on SEM images plotted as a function of position. With standard PEB: the pillars are larger at
center of pattern. With local PEB: pillars are very uniform. All structures are fabricated with a period of 500 nm.
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100%, resulting in a sponge-like material after the development process. Hence, the structural
shrinkage observed at average laser powers is the result of the collapse of this material at
a molecular level [30]. However, it has also been confirmed that, although the sponge-like
materials are formed during the development because of the non-full polymerization at low
laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change
of surface tension during the drying process [31].

For LOPA 3D fabrication, this shrinkage effect is also observed, with different levels of distor-
tion for different exposure doses, i.e., the lower the exposure dose is the higher the shrinkage
is. (Figure 12a—d) shows the shrinkage effect observed in 3D woodpile structures fabricated
at different doses (P =9 mW, writing speed v =4, 3, 2, and 1 pum/s, from left to right, respec-
tively). It can be clearly seen that the degree of shrinkage at different exposure doses is dif-
ferent, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage
decreases. This result is also in agreement with previous report on the shrinkage in the case of
TPA polymerization [30], which suggests that in both cases, the shrinkage effect might have
a similar origin.

Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, result-
ing in the degradation of its optical quality. While shrinkage is an intrinsic problem, which
cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several
approaches have been reported on how to overcome this non-uniform shrinkage, including
pre-compensation for deformation [32], single [33] and multi-anchor supporting method [30,
34], or freestanding microstructures trapped in cages [35]. All the above methods are investi-
gated for the TPA case. In this work, the multi-anchor supporting method was employed to
reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA
DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass
substrate, four “legs” at four corners of structures were created in order to avoid the attach-
ment of the structures to the glass substrate, which is the direct cause of the non-uniform

v =4 pum/s v =3 pum/s v=2um/s v=1um/s

Figure 12. 3D woodpile structures (number of layers =16, rod spacing = 1.5 um and layer spacing = 0.65 um) fabricated
without (a—d) and with “legs” (e-h), at laser power of 9 mW and different writing speeds: v =4, 3, 2, and 1 um/s, from
left to right. Scale bars: 5 pm.
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shrinkage. These anchors were designed and fabricated as rods of several hundred nanome-
ters and did not affect the main structure. (Figure 12e-h) shows woodpile structures with
anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrink-
age still remains as shown in Figure 12(e). However, when the dose is increased by a small
amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a
writing speed of 3 um/s were sufficient for a considerable uniform structure. Compared to the
non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly
deformation-free PC, which is remarkable especially for the fabrication of large structures.
The shrinkage effect can also be exploited to produce PCs with small lattice constant.

To conclude, the multi-anchor supporting method was successfully applied to reduce the
non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since
the support with four anchors allows uniform shrinkage of a polymeric microstructure by
releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combi-
nation of LOPA with local PEB and this supporting method is a promising way of producing
small lattice constant photonic structures, which possess a photonic bandgap in the visible
range.

5. Realization of magneto-photonic microstructures by LOPA-based DLW

LOPA-based DLW has been demonstrated to be not only applicable for SU8 but also other
materials [36, 37], and be capable of fabricating structures incorporated with nanoparticles
(NPs), such as plasmonic [38] or magnetic NPs [39]. In this section, as a proof of the versatil-
ity of LOPA DLW, the fabrication of 2D and 3D sub-microstructures from nanocomposite
consisting of magnetite (Fe,O,) NPs and a commercial SU8 photoresist by employing LOPA
DLW technique is presented [39]. The nanocomposite was synthesized by incorporating mag-
netic nanoparticles (MNPs) into SU8 matrix. Due to the magnetic force (mainly inter-particle
interactions), MNPs tend to form large agglomerations, causing difficulties in achieving a
homogeneous distribution of MNPs in polymer matrix. Hence, different concentrations of
Fe,O, MNPs and various types of SU8 with different viscosities have been investigated to
obtain the best dispersion of MNPs in the polymer environment. Finally, the best compromise
was achieved between SU8 2005, with moderate viscosity, and a MNP concentration of 2 wt%,
which is low enough to achieve a homogeneous nanocomposite and high enough to give
strong response to external magnetic field.

Arbitrary magnetic structures from magneto-polymer nanocomposite have been realized
using LOPA DLW. Figure 13(a) shows an SEM image of an arbitrary 2D structure, the letter
"LPQM,” fabricated at the power of 15 mW with a writing speed of 3 um/s. For this fabri-
cation, a point matrix technique was used to shape the letter. The distance between pillars
was set at 150 nm, which resulted in a continuous line due to the accumulation of exposure
energy at the vicinity of each point. An SEM image of a 2D pillar array magneto-photonic
structure, with a period of 1.5 um is shown in Figure 13(b). This structure was fabricated at
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Figure 13. (a) SEM image of letter LPQM, fabricated at a laser power P =15 mW, writing speed v =3 um/s. (b) SEM image
of a 2D pillar array, fabricated at P =12 mW, v =2 um/s. (c) SEM image of a 3D woodpile PC. Fabrication parameters:
rod spacing = 2 um; distance between layers = 1 um; number of layers = 10; laser power P =12 mW and scanning speed
v =2 um/s. Scale bars: 2 um.

a laser power of 12 mW and a writing speed of 2 um/s. Similarly, various 3D structures have
also been realized, with a laser power of about 12 mW. Figure 13(c) shows an SEM image of
a woodpile structure, which consists of 10 alternating layers separated from each other by
1 pm. The rod spacing in x- and y-directions is 2 um. These experimental results confirm that
the LOPA-based DLW allows the fabrication of any magneto-photonic sub-micrometer struc-
ture or device on this magneto-polymer nanocomposite, which is very promising for a wide
range of applications using magnetic microdevices and micro-robotic tools.

Indeed, magneto-photonic structures for remote actuation have attracted a great deal of
attention recently [40]. With the aid of an external magnetic field, the displacement in three
dimensions of magnetic structures can be controlled as desired. As shown previously, small
magneto-photonic structures, which are adaptable to small targets, have been created. In
order to prove the response of magnetic structures to a magnetic field, arrays of micro-pillars
were fabricated as an example for demonstration [39]. To release the structures from the sub-
strate, before coating the nanocomposite layer, an extra sacrificial layer of PMMA, which can
be dissolved with acetone to release the structures into solution, was added. A magnetic field
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(only 8 mT) generated by a permanent magnet was then applied to examine the magnetic
field response of the magnetic micro-swimmers. The whole process from structural develop-
ment to the movement toward higher gradient of the external magnetic field was observed
via optical microscope, in which all of the micro-pillars quickly moved toward the magnetic
tip, confirming the presence of Fe,O, MNPs inside the structures and their strong response to
the applied magnetic field. The magnetic structures responded strongly to the external mag-
netic field, opening many promising applications, such as tunable photonic structures based
on magneto-optical effect and development of microrobotic tools for transport in biological
systems.

6. Conclusions and prospects

In this chapter, a new technique based on an already-well-known mechanism, one-photon
absorption (OPA) direct laser writing (DLW), for fabrication of low-cost, high-quality 3D PCs
was introduced. This technique was demonstrated through both theory and experiment on
the ultra-low absorption regime (LOPA) of photosensitive material. It was pointed out that
DLW based on LOPA microscopy enables 3D fabrication in any kind of photoresist material
with flexible defect engineering.

Some additional methods, such as dose compensation and local PEB, have been also proposed
and applied to optimize the structures fabricated by LOPA DLW. In particular, by using the
optically induced thermal effect, the fabrication of accumulation-free sub-micrometer and
uniform polymeric 2D and 3D structures was realized. Also, the multi-anchor supporting
method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D
polymeric microstructures.

As a proof of the versatility of the LOPA-based DLW technique, the capability to fabricate
magneto-photonic microstructures using a SU8/Fe,O, nanocomposite has been demon-
strated. The fabricated micro-swimmers showed strong response to an applied external
magnetic field, which emphasizes the importance of free-floating structures as a robotic
technology for magnetic devices such as sensors, actuators, magnetic labeling, and drug tar-
geting. 3D magneto-photonic structures have also been successfully fabricated, potentially
aiding the development of magnetic nanodevices and micro-robotic tools for a wide range
of applications.
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Abstract

A simple and low-cost technique called low one-photon absorption (LOPA) direct laser
writing (DLW) is demonstrated as an efficient method for structuration of multidimen-
sional submicrostructures. Starting from the diffraction theory of the electromagnetic
field distribution of a tightly focused beam, the crucial conditions for LOPA-based
DLW are theoretically investigated, and then experimentally demonstrated using a
simple optical confocal microscope. Various 1D, 2D, and 3D submicrostructures were
successfully fabricated in different materials, such as commercial SU8 photoresist and
magnetic nanocomposite. The advantages and drawbacks of this LOPA-based DLW
technique were also studied and compared with the conventional two-photon absorp-
tion based DLW. Several methods were proposed to overcome the existing problem
of the DLW, such as the dose accumulation and shrinkage effect, resulting in uniform
structures with a small lattice constant. The LOPA-based DLW technique should be
useful for the fabrication of functionalized structures, such as magneto-photonic and
plasmon photonic crystals and devices, which could be interesting for numerous
applications.

Keywords: direct laser writing, one-photon absorption, photonic crystal, magnetic
nanocomposite, magneto-photonic microstructures

1. Introduction

In recent years, various fabrication techniques have been proposed and implemented to realize
structures at micro- and nanoscales, opening numerous applications such as micro-machin-
ing, optical data storage, nanophotonics, plasmonics, and bio-imaging, etc. [1-4]. Among
those techniques, optical lithography, which includes mask lithography [5, 6], interference

I NT EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



134  Theoretical Foundations and Application of Photonic Crystals

or holography photolithography [7-9], and direct laser writing [10-13], is the most popular
because of its simplicity, flexibility and capability of producing different kinds of microstruc-
tures, addressing a variety of applications.

The fundamental working principle of the optical lithography involves the use of a photore-
sist, a light-sensitive material, which changes its chemical property when exposed to light.
Based on the reactions of photoresists to light, they are classified into two types: positive
photoresist and negative photoresist. With positive photoresists, the areas exposed to the light
absorb one or more photons and become more soluble in the photoresist developer. These
exposed areas are then washed away with the photoresist developer solvent, leaving the
unexposed material. With negative resists, exposure to light causes the polymerization of the
photoresist chemical structure, which is just the opposite of positive photoresists. The unex-
posed portion of the photoresist is then dissolved by the photoresist developer. Light sources
of different wavelengths are used based on the purposes of the fabrication, which involve the
absorption mechanisms of the used photoresist. There are two types of absorption mecha-
nisms, namely one-photon absorption (OPA) and two-photon absorption (TPA). The OPA
excitation method is an ideal way to fabricate one- and two-dimensional (1D and 2D) thin
structures [14]. In this technique, a simple and low-cost continuous-wave (CW) laser operat-
ing at a wavelength located within the absorption band of the thin film material is used as the
excitation source. Wavelengths in the UV range or shorter are commonly used to achieve high
resolution [15]. This method is usually applied in mask lithography and interference tech-
niques, where an entire pattern over a wide area is created in seconds. All structures are often
realized at the same time; therefore, these techniques are called parallel processes. However,
due to the strong absorption effect, light is dramatically attenuated from the input surface.
Thus, it is impossible for OPA to address thick film materials or 3D optical structuring.

The TPA (or multi-photon absorption) technique presents a better axial resolution. In this case,
two low energy photons are simultaneously absorbed inducing the optical transition from the
ground state to the excited state of the material, equivalent to the case of linear absorption
(OPA). Two-photon absorption is a nonlinear process, which is several orders of magnitude
weaker than linear absorption, thus very high light intensities are required to increase the
number of such rare events. In practice, the process can be achieved using a pulsed (picosec-
ond or femtosecond) laser. The TPA method is commonly applied for the technique called
direct laser writing (DLW), in which a pulsed laser beam is focused into a sub-micrometer
spot, resulting in a dramatic increase of the laser intensity at the focusing spot. Hence, TPA-
based 3D imaging or fabrication can be achievable [4, 11, 12] with high spatial resolution.

Indeed, DLW has been proved to be an ideal way to fabricate sub-micrometric arbitrary struc-
tures, offering flexibility, ease of use, and cost effectiveness. As opposed to mask lithography
and interference techniques, DLW is a serial process in which a structure is realized by scan-
ning the focusing spot following a desired pattern. Thus, any arbitrary 1D, 2D, and 3D peri-
odic or non-periodic pattern can be fabricated on demand.

However, as mentioned above, the TPA-based DLW requires the use of a femtosecond or
picosecond laser and a complicated optical system, making it a rather expensive fabrication
technique. Recently, an original method called LOPA (low one-photon absorption) DLW has
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been demonstrated [16, 17], allowing one to combine the advantages of both OPA and TPA
methods. Indeed, the LOPA method employs a simple, CW and low power laser, as in the case
of conventional OPA, but it allows the optical addressing of 3D objects, as what could be real-
ized by the TPA method, by using a combination of an ultralow absorption effect and a tightly
focusing spot. The illustration of an absorption spectrum of photoresist shown in Figure 1(a)
represents three absorption mechanisms, which are shown in Figure 1(b): conventional OPA
(solid ring), LOPA (dashed ring) and TPA (dash-dotted ring), respectively. If a laser beam,
whose wavelength is positioned at the edge of the absorption band where the absorption is
ultralow, is applied, the light intensity distribution remains almost the same as in the absence
of material. In short, by tightly focusing an optical beam inside a thick material with a very
low absorption at the operating wavelength, it is possible to address 3D imaging and 3D fabri-
cation, as what realized by TPA method. As compared to the latter one, this LOPA-based DLW
is very simple and inexpensive and it allows one to achieve very similar results.

This chapter presents theoretically and experimentally this original fabrication method,
LOPA-based DLW technique, which allows the realization of multidimensional sub-microm-
eter photonic crystals. The advantages of this fabrication method will also be presented and
compared with other fabrication techniques.

In Section 2, the theory of the LOPA-based DLW method and experimental conditions to
realize 3D sub-microstructures are presented. In this case, the vectorial diffraction theory of
a laser beam, tightly focused by a high numerical aperture objective lens, is extended taking
into account the very low absorption of the propagating medium. Numerical calculations will
also be shown.

In Section 3, it will be demonstrated experimentally that any sub-micrometer 1D, 2D, and
3D structures can be realized by the LOPA-based DLW technique, by choosing appropriate
photoresist and excitation laser wavelength.
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Figure 1. (a) Illustration of the absorption spectrum of a photoresist. The three rings illustrate three ranges of wavelength
corresponding to (b) three absorption mechanisms: standard one-photon absorption (OPA), low one-photon absorption
(LOPA), and two-photon absorption (TPA).
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In Section 4, different additional methods to optimize the LOPA-based DLW are demon-
strated in order to obtain sub-microstructures, which show high uniformity, less shrinkage,
and with a lattice constant smaller than the diffraction limit.

To demonstrate the versatility of the LOPA-based DLW, in Section 5, the fabrication of mag-
neto-photonic sub-microstructures for biomedical engineering realized by the LOPA-based
DLW technique is presented. This opens many promising applications, such as tunable pho-
tonic structures based on magneto-optical effect and development of microrobotic tools for
transport in biological systems.

In the last section, some conclusions of the newly developed LOPA-based DLW technique,
advantages this technology brings to the photonic crystal field, as well as some prospects will
be discussed.

2. Theory of LOPA-based DLW technique

In this section, the vectorial Debye approximation is presented, based on which a new math-
ematics representation is further established, where the absorption effect of the material is
taken into account when a light beam propagates through an absorbing medium. Based on
the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of
the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetra-
tion depth of light beam on the formation of a tight focusing spot are investigated. From that,
the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.

2.1. Electromagnetic field distribution of a tight focused beam in an absorbing medium

The mathematical representation of the electromagnetic field distribution in the focal region
of an OL was proposed by Wolf in the 1950s [18]. This theory based on the vectorial Debye
approximation allows the calculation and prediction of the intensity and polarization distri-
butions of a light beam focused inside a material by a high NA OL. Nonetheless, the influ-
ence of material absorption on the intensity distribution and the focused beam shape of a
propagating optical wave have not been systematically investigated yet. In this section, the
mathematical representation proposed by Wolf [18] will be employed, taking into account the
absorption effect of the material when a focused light beam propagates through it, in order to
investigate the intensity distribution, especially in the focal region.

The schematic representation of light focusing in an absorption medium is shown in Figure 2.
D is the interface between the transparent material, such as a glass substrate or air, and the
absorbing material. To simplify the problem, it is assumed that the refractive index mismatch
problem arising at any interface is negligible. d represents the distance between the D inter-
face and the focal plane. The electromagnetic field near the focal plane in Cartesian coordi-
nates (x, y, z) [16, 19] is represented by,

-E — _% J]Q T(S)A(S) e[ik(s(x+syy+szz)] dsx dsy, (1)
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Figure 2. Schematic representation of a tightly focused light beam inside an absorbing medium. o is the absorption
coefficient of the medium, O is the focal point, D is the interface between the transparent and the absorbing media, r is
the distance from an arbitrary point on the D plane to the focal point, and d is the distance between the D plane and the
focal plane of the objective lens.

where C is a constant, k is the wave number (k =2mn/A), n is the refractive index of the absorb-
ing medium, A is the excitation wavelength, Q is a solid angle corresponding to the objective
aperture, S=(s, S, s.) is the vector of an arbitrary optical ray, and T(s) = P(s)B(s)is a transmis-
sion function where P(s) is the polarization distribution and B(s) is the amplitude distribution
at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as
A(s) =exp(-or), where ¢ is the absorption coefficient and r indicates the optical path of each
diffracted light ray in the absorbing medium, which is defined as the distance from a random
point located in the D plane to the focal point, as shown in Figure 2. For calculations, r is
determined by

r = G-+ (y'-y)*+(d-2)?, )

where (x,y, d) gives the position of an arbitrary diffracted light ray located on the D plane.
Theoretically, Eq. (1) allows calculation of the light distribution resulting from the interfer-
ence of all light rays diffracted by the exit pupil of the OL. However, in practice, the light
intensity and the focus shape at the focus region depend strongly on the absorption term A(s)
since light is absorbed by the material in which it propagates and its amplitude decreases
along the propagation direction.

The light intensity distribution, also called point spread function (PSF), in the focal region of
the OL is defined as

£

Lrse = EE 3)

This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field
distribution in the focal region depends on various parameters, such as the polarization of
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incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to
have an analytical solution of the light field at the focusing spot of a high NA OL. However, it
can be numerically calculated, which will be shown in the next part.

2.2. Numerical calculation of point spread function

In order to numerically calculate the light intensity distribution, the I, equation was pro-
grammed by a personal code script based on Matlab software, with the influence of different
input parameters including the absorption coefficient of the studied material, the NA of the

OL, and the penetration depth of the light beam.

First, the influence of the absorption effect of the SU8 material, which will be used later for
experimental demonstration in the next sections, was investigated. Based on the absorption
spectrum of SU8 shown in Figure 5(b), three typical wavelengths to calculate the intensity
distribution in the focal region were chosen, representing three cases of interest: conventional
OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorp-
tion coefficients in each case are: 0, = 240,720 m™ (A, =308 nm), 0, =723 m™" (A, =532 nm), and
0,=0m™ (A, =800 nm). The absorption interface (D) was arbitrarily assumed to be separated
from the focal point O by a distance of 25 um, the NA of the OL was chosen to be 0.6, the
refractive index (1) of SU8 is 1.58. As seen in Figure 3(a,), the incoming light is totally attenu-
ated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why
it is not possible to optically address 3D object with the conventional OPA method. However,
when using an excitation light source emitting at 800 nm, the absorption coefficient is zero,
thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity
distribution. The numerical calculation result derived from the quadratic dependence of the
EM field is shown in Figure 3(a,). The size of the focusing spot (full width at half maximum,
FWHM) is quite large due to the use of a long wavelength. However, in practice, two pho-
tons can only be simultaneously absorbed at an intensity above the polymerization threshold.
Therefore, a small effective focusing spot below the diffraction limit can be achieved with the
TPA method by controlling the excitation intensity.

The case where the linear absorption is very low (LOPA) was considered. At the wavelength
A =532 nm, the absorption coefficient is only 723 m™, which is much smaller than that at 308 nm.
Simulation results show that light can penetrate deeply inside the absorbing material without
significant attenuation thanks to this very low linear absorption. As shown in Figure 3(a,)),
the light beam can be tightly confined at the focusing spot, which can then be moved freely
inside the thick material, exactly as in the case of TPA. Furthermore, LOPA requires a shorter
wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The
diagram depicted in Figure 3(a,) shows clearly the difference of the intensity distribution along
the optical axis of three excitation mechanisms. It is important to note that there is no inten-
sity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA
requires a precise control of light dose in order to achieve high resolution optical addressing.

The NA of OL is also an important parameter to be taken into account for LOPA case. It was
demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions
at the focusing spot obtained with OLs of different NA values (with the same low absorption
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Figure 3. (a) Numerical calculations of light propagation inside SU8, by using different wavelengths, (a,) 308 nm, (a,)
532 nm, and (a,) 800 nm, respectively. (a,) Intensity distributions along z-axis of the light beams shown in (a, ). In this
calculation, NA = 0.6, refractive index n = 1.58, and d =25 um. (b) Propagation of light (A = 532 nm) inside SU8, with (b,)
NA =0.3, (b,) NA =0.6, and (b,) NA = 1.3, respectively, d = 30 um. (b,) Intensity distributions along z-axis of the light
beams shown in (b, ).
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coefficient o, =723 m™) are shown in Figure 3(b). It is clearly seen that with an OL of low NA
(NA =0.3), the light beam is not well focused, resulting in low contrast intensity distribution
between the focal region and its surrounding. Therefore, the LOPA-based microscopy using a
low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focus-
ing (for example, NA =1.3), the light intensity at the focusing spot is a million time larger than
that at out of focus, resulting in a highly resolved focusing spot (Figure 3(b,)).

For all the above calculations, it can be concluded that the LOPA-based microscopy is promis-
ing for the realization of 3D imaging and 3D fabrication, similarly to what could be realized
by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of
3D structures can be realized by moving the focusing spot inside the material since fluores-
cence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently
within the focal spot volume only.

It is worth noting that in LOPA technique, the absorption exists, even if the probability is very
small, the penetration depth is therefore limited to a certain level. This effect exists also in the
case of TPA, but it is more important for LOPA. Figure 4 represents the maximum intensity at the
focusing spot as a function of the penetration length, d. For this calculation, the ultralow absorp-
tion coefficient of SU8 at A =532 nm, o =723 m™ was considered. At the distance of 390 um, the
intensity was found to decrease by half with respect to that obtained at the input of absorbing
material (D interface). This penetration depth of several hundred micrometers is fully compat-
ible with the scanning range of piezoelectric stage (typically, 100 um for a high resolution), or
with the working distance of microscope OL (about 200 um for a conventional high NA OL).

In summary, in order to realize the LOPA-based microscopy, two important conditions are
required: (i) ultralow absorption of the studied material at the chosen excitation wavelength,
and (ii) a high NA OL for tight focusing of the excitation light beam. To experimentally dem-
onstrate the application of LOPA in DLW, in the next chapter, SU8 will be used as the material
and a CW laser at A =532 nm as the excitation source.
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Figure 4. Red curve: normalization of intensity (I/])) at the focusing spot as a function of the propagation length. I, and I,
are the intensities obtained with and without absorption medium, respectively. Dot curves: zoom on intensity profiles of
the focusing spot along the optical axis, calculated at different d. The results are simulated with: ¢ =723 m™; A =532 nm;
NA =13 (n=158).
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3. Experimental demonstration of LOPA-based 3D microfabrication

3.1. Experimental setup and fabrication procedure

The LOPA technique can obviously be used for all 3D applications, including 3D imaging
and 3D fabrication. As mentioned in section 2, two conditions are required: a photoresist that
presents an ultralow absorption at the wavelength of the excitation laser, and a high focusing
confocal laser scanning (CLSM) system. For the first condition, SU8 photoresist is an excel-
lent candidate, thanks to its ultralow absorption in the visible range, for example at 532 nm
(Figure 5(b)), which is the wavelength of a very popular and low-cost laser. By using a high
NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condi-
tion is then satisfied.

LOPA TPA

532
nm

T T T T ] 1
300 400 500 600 700 800 900
Wavelength (nm)

Figure 5. (a) A sketch of the experimental setup. PZT: piezoelectric translator, OL: oil immersion microscope objective,
A/4: quarter-wave plate, A/2: half-wave plate, BS: beam splitter, PBS: polarizer beam splitter, M: mirror, S: electronic
shutter, L, : lenses, PH: pinhole, F: 580 nm long-pass filter, APD: avalanche photodiode. (b) Absorption spectrum of SU8

photoresist. The color bars indicate three cases: OPA (purple bar), LOPA (green bar), and TPA (red bar). To demonstrate
LOPA DLW, a laser operating at 532 nm is used.
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In order to demonstrate the LOPA DLW technique, a confocal optical system illustrated in
Figure 5(a) was built. In this system, a CW laser operating at 532 nm is used. The laser power
is monitored by a combination of a half-wave plate (A/2) and a polarizer. The laser beam is
directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrica-
tion, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by
a LabVIEW program. A quarter-wave plate (A/4) placed in front of the OL is inserted and ori-
ented to generate a circularly polarized beam for mapping and fabrication. The high NA oil-
immersion objective (NA =1.3) placed beneath the glass coverslip is used to focus the excitation
laser beam. The fluorescence signal emitted by the samples is collected by the same objective,
filtered by a 580 nm long-pass filter, and detected by an avalanche photodiode (APD).

For fabrication, SU8 photoresist is coated on a glass substrate. In order to remove all contami-
nation on the surface, glass substrates must be treated with acetone and an ultra-sonication
prior to the spin coating. After the cleaning process, SU8 of different viscosities (SU8 2000.5,
SU8 2005, or SU8 2025) is spin coated on the glass substrates, depending on the types of the
desired structure. For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thick-
ness of 0.5 and 2 um, are used. For 3D structures, other types of SU8 at higher viscosity, for
example SU8 2005 or 2025, are required. The spin coating step is followed by a soft baking
step at 65°C and 95°C, the soft baking time depends on the types of SU8 used.

Before writing the structure on the photoresist, the interface between the glass substrate and
the photoresist layer must be determined. To determine the interface, the focusing spot is
scanned along xz or yz plane at very low laser power to prevent polymerization, and the fluo-
rescence signal can be collected by the APD. This step allows one to precisely write the struc-
ture at the desired position. Then the laser power is increased to several mW to fabricate any
desired structures by scanning the focusing spot along a path programmed with Labview. Post
exposure bake (PEB) is carried out after the fabrication, and followed by a development step.

3.2. Verification of LOPA-based fabrication

It has been demonstrated, by analyzing fluorescence emission, that the SU8 photoresist lin-
early absorbs the excitation laser at 532 nm-wavelength [17]. For the LOPA CLSM, the inten-
sity at the focusing region (of the order of 107 W/cm?) is much higher than that at the input
of the optical system (10 W/cm?), allowing the excitation and fluorescence detection of the
focal spot volume only. The fluorescence measurements in which the emission is quite low
are enabled by the use of an avalanche photodiode (APD).

By using the standard fabrication process described in the previous part, it was demonstrated
that polymerization is achieved only at the focusing spot of the microscope objective, where
the excitation intensity is sufficiently high to compensate the low linear absorption of the
resist. In the case of TPA, there are two thresholds: the first one related to light intensity,
above which two photons are simultaneously absorbed, and the second one related to dose,
above which complete photopolymerization is achieved. However, in the case of LOPA, there
exists only one threshold related to dose. Thanks to a high intensity at the focusing spot, the
complete photopolymerization is only achieved in this region. Figure 6 shows SEM images
of experimental results. For each exposure, a solid structure, called “voxel,” corresponding to
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(b)

Figure 6. Fabrication of voxels by single-shot exposure. (a) Theoretical calculation of the contour plot of light intensity
at the focusing region (NA = 1.3, n =1.518, A = 532 nm). (b) SEM image of a voxels array obtained by different exposure
doses. Three ranges of voxels are fabricated correspondingly to the exposure time t,, t, and t, whose corresponding doses
are 0.9, 0.7 and 0.4 as indicated in (a). These experimental results explain the OPA nature where the formed voxel shape
is determined by the exposure dose. (c) Complete voxel lying on the substrate indicated an ellipsoidal form (exposure
time t, was applied). This form is similar to that obtained by the TPA method.

a focusing spot, was obtained. By changing either the excitation power or the exposure time,
i.e. the dose, the voxel size and shape can be adjusted, as shown in Figure 6(b). A CW green
laser power of only 2.5 mW and an exposure time of about 1 second per voxel were required
to create these structures. Figure 6(b) shows, for example, a voxel array realized with three
different exposure times. The dose dependence can be explained theoretically by calculating
the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained with ¢,
t, and t, in Figure 6(b) correspond to three different iso-intensities illustrated in Figure 6(a),
namely 0.9, 0.7 and 0.4, respectively. The operation in the OPA regime is fully confirmed by the
evolution of voxel size and shape observed experimentally. Indeed, in the case of TPA, the cre-
ation of bone-like voxel shape requires very high excitation intensity and could not be easily
realized due to the TPA intensity threshold. In the case of LOPA, all these voxels shapes were
obtained by simply adjusting the exposure time while the laser power is kept at a low value.
Smaller voxels as shown in Figure 6(c) require shorter exposure times. Certainly, the exposure
time required to create sub-micrometer structures varies as a function of the laser power.

Pillar arrays were also fabricated by scanning the focusing spot of the laser along the thick-
ness of a 1 um SUS8 film with different writing speeds. Figure 7 shows the pillar size as a
function of writing velocity for three values of laser power, P =7.5, 6, and 4.5 mW. The fab-
rication of smaller pillars down to 190 nm is possible [17]. The size of individual pillars is
quite small when considering the wavelength (532 nm) used for the writing process. As for
the linear dependence with intensity (OPA vs. TPA) [20, 21], the diameter-dose relationship
agreement confirms this behavior, as the intensity I, is used for the fit, instead of I? in the
case of TPA. This result confirms the fabrication of sub-microstructures by LOPA-based DLW
method.
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Figure 7. (a) SEM image of a pillar arrays fabricated at different writing velocity and laser powers. (b) Dose dependence
of size of pillars shown in (a), with different laser power values, P=7.5, 6, 4.5 mW, and different writing velocities, v =1.0,
1.5, 2.0, 2.5, and 3.0 um/s. Scale bar: 10 um.

3.3. LOPA-based DLW for 3D microstructure fabrication

In order to demonstrate 3D fabrication, 3D arbitrary photonic crystals (PCs) have been real-
ized. In the fabrication process, the dose was adjusted by changing the velocity of the PZT
movement while the input power is fixed. The doses were varied from structure to structure
depending on the size and separation (periodicity of PC). In the first experiment, a series of
different size 3D woodpile PC structure on glass substrate was fabricated. It is noted that,
SU-8 exhibits a strong shrinkage effect, which results in the distortion of the fabricated struc-
ture. After a number of experiments, acceptable parameters for woodpile, which are an input
power of 2.5 mW and a velocity of 1.4 um/s, were found. Applying these parameters, 3D
diamond lattice-like-based PC structures such as woodpile, twisted chiral and circular spiral
can be realized.

Figure 8(a—f) shows SEM images of 3D woodpile, spiral and chiral PCs fabricated with
these optimum fabrication parameters. The woodpile structure (Figure 8(a and b)) consists
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Figure 8. (a-b) SEM images of a woodpile structure fabricated with the following parameters: distance between
rods = 1.5 um; distance between layers = 0.7 um; number of layers = 20; laser power P = 2.5 mW and scanning speed
v =1.4 um/s. (c and d) SEM images of a chiral structure. Structure and fabrication parameters: distance between rods
a =2 um; distance between layers ¢/3 =0.75 pm; number of layers = 28; line width r =300 nm; laser power P =2.8 mW and
scanning speed v = 1.34 um/s. (e-f) SEM images of a spiral structure (shown in inset). Fabrication parameters: diameter
of a spiral D =2 um; spiral pitch C =2 pm; lattice constant a =3 pum; spiral height equals to film thickness = 15 pm; laser
power P =2.6 mW and scanning speed v = 1.34 um/s.

of stacked 20 layers. Each layers consists of parallel rods with period a = 1.5 pm. Rods in
successive layers are rotated by an angle of 90° relative to each other. Second nearest-neigh-
bor layers are displaced by a/2 relative to each other. Four layers form a lattice constant
¢ = 2.1 um. SEM measurement shows that the line width of rods on the top layer is about
320 nm, which is 1.5 times of the voxel standard size. This means that the size of the rod
can be minimized further. Woodpile structure with measured separation between rods on
the top layer of only 800 nm and the measured line width of 180 nm was also successfully
fabricated. This result shows evidently that separation of rods and layers are comparable to
the wavelength of visible light. Figure 8(c—f) shows, as examples, two other kinds of sub-
micrometer 3D structures. Clearly, 3D chiral or spiral structures are well created, which are
as good as those obtained by TPA DLW. The structures features are well separated, layer by
layer, in horizontal and in vertical directions. The feature sizes are about 300 nm (horizontal)
and 650 nm (vertical).

Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic crystal
showed evidently the advantage of LOPA idea in combining with regular DLW. With a few
milliwatts of a CW laser and in a moderate time, any kind of sub-micrometer structure with
or without designed defect could be fabricated. However, some fabricated structures are not
uniform or distorted. The physical causes of the distortion can be attributed to two main
effects: dose accumulation effect [22] and shrinkage effects [23]. In the next section, some
techniques to overcome those effects will be experimentally demonstrated.
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4. Optimization of LOPA-based DLW technique

4.1. Dose accumulation effect

As a consequence of linear behavior of absorption mechanism, the dose accumulation effect
is the inherent nature of linear absorption material [24, 25]. In contrast to a conventional TPA
method, a photoresist operated in OPA regime does not have any threshold of polymerization
[26], hence the voxel size can be controlled by adjusting the exposure dose. In principle, polym-
erization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel
(smaller than the diffraction limit) [27]. However, when two voxels are built side-by-side with
a distance of about several hundred nanometers, two resulting voxels are no longer separated
[17]. This issue evidently originates from the dose accumulation effect in OPA process.

Similar to OPA microscopy where the microscopy image cannot resolve two small objects
which localize at about several hundred nanometers from each other, the fabricated voxels
in DLW also cannot be separated. Abbe’s criterion states that, the minimum resolving dis-
tance of two objects is defined as 0.61A/NA, where A is the wavelength of incident light. This
diffraction barrier thus imposes the minimum distance between different voxels, created by
different exposures. Moreover, when multiple exposures are applied, although isolated voxel
fabrication is ideally confined to the focal volumetric spot, the superposition of many out-
of-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This
results in the larger effective voxel size, even with a distance far from the diffraction limit.
Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency
depending on the linear absorption cross-section of the irradiated material. The absorbed
energy is gradually accumulated as a function of exposure time.

Figure 9 shows the theoretical calculations and experimental results of the dependence of
the voxels size on distance. When two voxels are separated by a distance shorter that 1 pm,
a clear accumulation effect is observed, resulting in a voxel of larger size. When the separa-
tion changes from 2 to 0.5 um, the FWHM of each voxel is increased from 190 to 300 nm.
Moreover, for a short separation, the voxels array is not uniform from the center to the edge
part, as can be seen in case of a separation of 0.5 um. In the parts below, two strategies to get
rid of this accumulation effect are discussed.

4.1.1. Dose compensation strategy

According to the structures fabricated by LOPA DLW and the theoretical calculation, the dose
accumulation effect should be compensated in order to get superior structure uniformity. The
compensation technique idea is based on a balance of the exposure doses over the structure.
In other words, a certain amount of the exposure dose should be reduced at the region (or a
part or a division) where the dose accumulation effect strongly occurs and should be added
to the region where the dose is lacking.

As demonstrated above, the accumulation effect depends on the separation distance, s. 2D
micropillars array was fabricated by scanning the focusing spot along the z-axis to demonstrate
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Figure 9. Dependence of voxel sizes on separation between voxels calculated at the iso-intensity = 0.5 (I =1 /2), showing
the influence of energy accumulation from one focusing spot to another. Insets show simulated images (blue background)
and SEM images (gray background) of 2D voxel arrays fabricated with different distances between two voxels: 2, 1, and
0.5 um. Scale bar (from left to right): 0.5, 1, and 2 pm.

the accumulation effect and the dose compensation technique. The variation of the pillars
size as a function of s distance, from 0.3 to 3 um, has been systematically investigated [22].
According to the pillars size variation, from the center to the edge of the structure, the size
difference could be compensated by gradually increasing the exposure doses for outer pillars.
The intensity distribution of a pillar array and the dose compensation strategy are shown in
Figure 10(a). Different dose compensation ratios have been experimentally applied, indicated
by letters A, B, C, and D. Two sets of structures have been fabricated on the same sample in
order to maintain the same experimental conditions: one without and the other with dose
compensation. The accumulation effect in the case of s = 0.4 um, obtained without compen-
sation, is shown in Figure 10(b). It can be seen that the structure is not uniform, and the
outmost voxels collapse into central pillars. With dose compensation, i.e. the doses for outer
pillars are increased, 2D micropillars arrays become uniform. Structures realized with dif-
ferent dose ratios, corresponding to A, B, C, and D schemes depicted in Figure 10(a), are
shown in Figure 10(c—f). With high dose compensation amplitude, the size of outer pillars
becomes even larger than those in the center. By using an appropriate dose compensation
ratio, perfectly uniform 2D micropillars array is obtained, as shown in Figure 10(c). The struc-
ture period is only 400 nm, the height of pillars is about 700 nm, and pillar’s diameter is about
160 nm. Structures with periods of several hundred nanometers are very suitable for photonic
applications in visible range.
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Figure 10. Compensation of dose accumulation for s = 0.4 um. (a) Theoretical calculation of the intensity distribution
as a function of x—position (blue color), and proposition of different doses, indicated by A, B, C, and D (red color) to
compensate the dose accumulation effect. (b—f) SEM images of 2D hexagonal structures realized without compensation
(b), and with compensation with different doses: A (c); B (d); C (e), and D (f). The excitation power was fixed at 2.5 mW
and the dose was adjusted by changing the writing velocity.

4.1.2. Local PEB for small and uniform microstructures

The dose compensation technique are presented above and proved to be able to compensate
the size difference in the structures. Nonetheless, this technique requires numerous calcula-
tion and tests in order to find out the appropriate dose compensation parameters. For exam-
ple, for the fabrication of other 2D structures with a sub-micrometer period containing an
arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be
controlled for individual voxel (or pillar) as a function of its position in the structure and with
respect to the defect. This requires many attempts to find out the optimized parameters since
the dose compensation is different for different structures.

In this part, the thermal effect induced by a CW green laser in the LOPA-based DLW technique
has been investigated, which plays a role as a heat assistant for completing the crosslinking
process of the photopolymerization of SU8 [28]. The fabrication of sub-microstructures using
LOPA DLW with a laser induced thermal effect, also called local PEB, was demonstrated, and
it was also shown to alter the traditional PEB on a hot plate and help overcome the accumula-
tion effect existing in standard LOPA DLW.

For the demonstration of local PEB, two sets of 2D structures were fabricated, each set con-
tains pillar arrays written at different doses (by varying the laser power and the writing
speed). One set was realized following the traditional process, i.e., after exposure, the sample
was post-baked for 1 min at 65°C and then 3 min at 95°C using hot plate. For the other set, the
PEB step was skipped, which means that the exposure process was followed directly by the
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development process. It has been observed that for the same dose, the pillars fabricated with-
out PEB are smaller than those fabricated with PEB [28]. Due to the fact that the structures
are not formed at low power (low light intensity), it is assumed that the applied laser power
or intensity must be above a threshold in order to induce enough heat for the crosslinking
process, and this threshold should be higher than that of standard LOPA (with PEB) for a
complete photopolymerization.

Figure 11(a) shows the accumulation effect observed in the structures fabricated using tra-
ditional PEB process at different doses. The distance between two pillars is 500 nm, which
is considered as a sufficiently short separation to induce noticeable accumulation effect. It
can be observed that the pillar size decreases from the center to the edge, with a variation of
10-20%, resulting in non-uniform structures. Figure 11(b) shows the SEM images of struc-
tures obtained using local PEB. In this case, in order to induce sufficiently high tempera-
ture, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In
contrast to the structures fabricated using traditional PEB, which shows accumulation effect
(Figure 11(a) on the top), the structures obtained with local PEB show nearly perfect unifor-
mity (Figure 11(b) on the top). Moreover, as compared to the dose compensation method, the
LOPA-based DLW using local PEB does not require testing, since the dose applied is constant
for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped,
which is a great advantage in terms of fabrication time. Furthermore, comparing to structures
realized by TPA-based DLW, the period of these fabricated structures is much shorter (only
500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an addi-
tional advantage of this LOPA technique.

The heat equation [29] was also solved using finite element model realized by Matlab to dem-
onstrate that the heat induced by high excitation intensity of a 532 nm CW laser confines
the crosslinking reaction in the local region where the temperature is higher than the PEB
temperature. This resulted in fine and uniform structures, since only the material within the
effective temperature region was properly polymerized. Temperature-depth dependence cal-
culation shows that this technique allows the fabrication of uniform 3D sub-micro structures
with large thickness. This is then evident by an experimental demonstration of fabrication
of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm [28].
Compared to the commonly used TPA method, LOPA-based DLW with local PEB shows
numerous advantages such as simple, low-cost setup and simplified fabrication process,
while producing same high-quality structures.

4.2. Shrinkage effect

Shrinkage is a fundamental issue for photopolymerization in the photopolymer. It is diffi-
cult to avoid the non-uniformity when the conventional polymerized microstructures are
attached to substrates. The origin of this effect for TPA polymerization has been investigated
[30]. It was suggested that the origin of the shrinkage is the collapse of this material during
the development stage owing to the polymer not being fully cross-linked when they are made
at the irradiation power close to the photopolymerization threshold. At fabrication intensi-
ties slightly above the photopolymerization threshold, the photopolymerization yield is not
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Figure 11. Comparison between structures fabricated with standard PEB (a) and local PEB (b) shows the advantage
of “local PEB” in overcoming the accumulation effect. Left: SEM images of fabricated structures. Top: sizes of pillars
indicated by the dashed line on SEM images plotted as a function of position. With standard PEB: the pillars are larger at
center of pattern. With local PEB: pillars are very uniform. All structures are fabricated with a period of 500 nm.
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100%, resulting in a sponge-like material after the development process. Hence, the structural
shrinkage observed at average laser powers is the result of the collapse of this material at
a molecular level [30]. However, it has also been confirmed that, although the sponge-like
materials are formed during the development because of the non-full polymerization at low
laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change
of surface tension during the drying process [31].

For LOPA 3D fabrication, this shrinkage effect is also observed, with different levels of distor-
tion for different exposure doses, i.e., the lower the exposure dose is the higher the shrinkage
is. (Figure 12a—d) shows the shrinkage effect observed in 3D woodpile structures fabricated
at different doses (P =9 mW, writing speed v =4, 3, 2, and 1 pum/s, from left to right, respec-
tively). It can be clearly seen that the degree of shrinkage at different exposure doses is dif-
ferent, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage
decreases. This result is also in agreement with previous report on the shrinkage in the case of
TPA polymerization [30], which suggests that in both cases, the shrinkage effect might have
a similar origin.

Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, result-
ing in the degradation of its optical quality. While shrinkage is an intrinsic problem, which
cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several
approaches have been reported on how to overcome this non-uniform shrinkage, including
pre-compensation for deformation [32], single [33] and multi-anchor supporting method [30,
34], or freestanding microstructures trapped in cages [35]. All the above methods are investi-
gated for the TPA case. In this work, the multi-anchor supporting method was employed to
reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA
DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass
substrate, four “legs” at four corners of structures were created in order to avoid the attach-
ment of the structures to the glass substrate, which is the direct cause of the non-uniform

v =4 pum/s v =3 pum/s v=2um/s v=1um/s

Figure 12. 3D woodpile structures (number of layers =16, rod spacing = 1.5 um and layer spacing = 0.65 um) fabricated
without (a—d) and with “legs” (e-h), at laser power of 9 mW and different writing speeds: v =4, 3, 2, and 1 um/s, from
left to right. Scale bars: 5 pm.
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shrinkage. These anchors were designed and fabricated as rods of several hundred nanome-
ters and did not affect the main structure. (Figure 12e-h) shows woodpile structures with
anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrink-
age still remains as shown in Figure 12(e). However, when the dose is increased by a small
amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a
writing speed of 3 um/s were sufficient for a considerable uniform structure. Compared to the
non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly
deformation-free PC, which is remarkable especially for the fabrication of large structures.
The shrinkage effect can also be exploited to produce PCs with small lattice constant.

To conclude, the multi-anchor supporting method was successfully applied to reduce the
non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since
the support with four anchors allows uniform shrinkage of a polymeric microstructure by
releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combi-
nation of LOPA with local PEB and this supporting method is a promising way of producing
small lattice constant photonic structures, which possess a photonic bandgap in the visible
range.

5. Realization of magneto-photonic microstructures by LOPA-based DLW

LOPA-based DLW has been demonstrated to be not only applicable for SU8 but also other
materials [36, 37], and be capable of fabricating structures incorporated with nanoparticles
(NPs), such as plasmonic [38] or magnetic NPs [39]. In this section, as a proof of the versatil-
ity of LOPA DLW, the fabrication of 2D and 3D sub-microstructures from nanocomposite
consisting of magnetite (Fe,O,) NPs and a commercial SU8 photoresist by employing LOPA
DLW technique is presented [39]. The nanocomposite was synthesized by incorporating mag-
netic nanoparticles (MNPs) into SU8 matrix. Due to the magnetic force (mainly inter-particle
interactions), MNPs tend to form large agglomerations, causing difficulties in achieving a
homogeneous distribution of MNPs in polymer matrix. Hence, different concentrations of
Fe,O, MNPs and various types of SU8 with different viscosities have been investigated to
obtain the best dispersion of MNPs in the polymer environment. Finally, the best compromise
was achieved between SU8 2005, with moderate viscosity, and a MNP concentration of 2 wt%,
which is low enough to achieve a homogeneous nanocomposite and high enough to give
strong response to external magnetic field.

Arbitrary magnetic structures from magneto-polymer nanocomposite have been realized
using LOPA DLW. Figure 13(a) shows an SEM image of an arbitrary 2D structure, the letter
"LPQM,” fabricated at the power of 15 mW with a writing speed of 3 um/s. For this fabri-
cation, a point matrix technique was used to shape the letter. The distance between pillars
was set at 150 nm, which resulted in a continuous line due to the accumulation of exposure
energy at the vicinity of each point. An SEM image of a 2D pillar array magneto-photonic
structure, with a period of 1.5 um is shown in Figure 13(b). This structure was fabricated at
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Figure 13. (a) SEM image of letter LPQM, fabricated at a laser power P =15 mW, writing speed v =3 um/s. (b) SEM image
of a 2D pillar array, fabricated at P =12 mW, v =2 um/s. (c) SEM image of a 3D woodpile PC. Fabrication parameters:
rod spacing = 2 um; distance between layers = 1 um; number of layers = 10; laser power P =12 mW and scanning speed
v =2 um/s. Scale bars: 2 um.

a laser power of 12 mW and a writing speed of 2 um/s. Similarly, various 3D structures have
also been realized, with a laser power of about 12 mW. Figure 13(c) shows an SEM image of
a woodpile structure, which consists of 10 alternating layers separated from each other by
1 pm. The rod spacing in x- and y-directions is 2 um. These experimental results confirm that
the LOPA-based DLW allows the fabrication of any magneto-photonic sub-micrometer struc-
ture or device on this magneto-polymer nanocomposite, which is very promising for a wide
range of applications using magnetic microdevices and micro-robotic tools.

Indeed, magneto-photonic structures for remote actuation have attracted a great deal of
attention recently [40]. With the aid of an external magnetic field, the displacement in three
dimensions of magnetic structures can be controlled as desired. As shown previously, small
magneto-photonic structures, which are adaptable to small targets, have been created. In
order to prove the response of magnetic structures to a magnetic field, arrays of micro-pillars
were fabricated as an example for demonstration [39]. To release the structures from the sub-
strate, before coating the nanocomposite layer, an extra sacrificial layer of PMMA, which can
be dissolved with acetone to release the structures into solution, was added. A magnetic field

153



154  Theoretical Foundations and Application of Photonic Crystals

(only 8 mT) generated by a permanent magnet was then applied to examine the magnetic
field response of the magnetic micro-swimmers. The whole process from structural develop-
ment to the movement toward higher gradient of the external magnetic field was observed
via optical microscope, in which all of the micro-pillars quickly moved toward the magnetic
tip, confirming the presence of Fe,O, MNPs inside the structures and their strong response to
the applied magnetic field. The magnetic structures responded strongly to the external mag-
netic field, opening many promising applications, such as tunable photonic structures based
on magneto-optical effect and development of microrobotic tools for transport in biological
systems.

6. Conclusions and prospects

In this chapter, a new technique based on an already-well-known mechanism, one-photon
absorption (OPA) direct laser writing (DLW), for fabrication of low-cost, high-quality 3D PCs
was introduced. This technique was demonstrated through both theory and experiment on
the ultra-low absorption regime (LOPA) of photosensitive material. It was pointed out that
DLW based on LOPA microscopy enables 3D fabrication in any kind of photoresist material
with flexible defect engineering.

Some additional methods, such as dose compensation and local PEB, have been also proposed
and applied to optimize the structures fabricated by LOPA DLW. In particular, by using the
optically induced thermal effect, the fabrication of accumulation-free sub-micrometer and
uniform polymeric 2D and 3D structures was realized. Also, the multi-anchor supporting
method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D
polymeric microstructures.

As a proof of the versatility of the LOPA-based DLW technique, the capability to fabricate
magneto-photonic microstructures using a SU8/Fe,O, nanocomposite has been demon-
strated. The fabricated micro-swimmers showed strong response to an applied external
magnetic field, which emphasizes the importance of free-floating structures as a robotic
technology for magnetic devices such as sensors, actuators, magnetic labeling, and drug tar-
geting. 3D magneto-photonic structures have also been successfully fabricated, potentially
aiding the development of magnetic nanodevices and micro-robotic tools for a wide range
of applications.
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Abstract

One-dimension (1D) photonic crystals have been widely used in silicon photonics due to
its simple structure and multiple working regimes: diffraction, Bragg reflection, and sub-
wavelength regimes. Thanks to recent development of photonic technologies and high-
resolution lithography, many 1D photonic crystal-assisted silicon integrated devices have
been proposed and demonstrated to further increase integration density and improve
device performance. This chapter first presents some fundamentals of 1D photonic crys-
tals. An overview of the applications of 1D photonic crystals in silicon photonics is then
given including grating couplers, waveguide crossings, multimode interference couplers,
polarization-independent directional couplers, hybrid lasers, polarizers, and high-order
mode filters, among others. Particular attention is paid to providing insight into the
design strategies for these devices.

Keywords: photonic crystals, diffractive gratings, sub-wavelength gratings, Bragg
gratings, silicon photonics

1. Introduction

Extensive research has been performed to realize large-scale integration of silicon photonics
for optical communication networks [1, 2], optical computing [3, 4], and biosensing [5, 6]. The
impetus of this research lies in the fact that silicon-on-insulator (SOI) technology is fully com-
patible with complementary metal oxide semiconductor (CMOS) technology and possesses
high refractive index contrast enabling compact devices. Recent efforts in silicon photonic
devices, such as III-V/silicon hybrid lasers [7-9], modulators [10, 11], photodetectors [12], and
switches [13, 14], have all paved a path toward realizing silicon-based high-density electronic
and photonic integration circuits (EPICs) [15]. However, due to high-index contrast, photonic
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160 Theoretical Foundations and Application of Photonic Crystals

devices based on SOI waveguides always suffer from some issues including high polarization
sensitivity, limited bandwidth, sever phase errors caused by fabrication, thermal sensitivity,
and relatively large loss. Those issues greatly limit application range of silicon-based photonic
devices. There has been considerable effort by the international community to improve device
performances by designing new structures, introducing new materials, combining different
effects, developing new fabrication processes, discovering new functionalities, etc. The appli-
cation of 1D photonic crystals in silicon photonics is a representative example.

1D photonic crystals are the simplest structure in photonic crystal family [16]. Interestingly,
1D photonic crystals still possess many exciting properties such as adjustable dispersion and
birefringence, acting as homogeneous materials. Compared with 2D or 3D photonic crystals,
the simple structure of 1D photonic crystals makes them easy to be integrated with the exist-
ing photonic devices without changing fabrication procedures. Consequently, many high-
performance silicon-based devices have been proposed and demonstrated by exploiting those
exciting properties of 1D photonic crystals. This chapter aims to provide the readers with
some fundamentals of 1D photonic crystals and present an extensive overview of their appli-
cations in silicon photonics. The chapter is organized as follows. Section 2 describes the fun-
damentals of 1D photonic crystals. For the sake of clarity, the overview of their applications is
divided into three sections (Sections 3-5) on the basis of three operating regimes.

2. Fundamentals of 1D photonic crystals

In silicon photonics, the 1D photonic crystals can be formed by periodic strip structures
as shown in Figure 1. Normally, those strips are high-index crystal silicon layer which is
optical waveguide core layer as well. The high-index strips are surrounded by low-index
material such as air, silicon oxide, and polymer to form a periodically modulated refrac-
tive index distribution. In general, the incident direction of light could be any direction
relative to photonic crystals. In practical terms, two special cases are widely employed: (a)
light propagates crosswise through the 1D photonic crystal (propagation along the y- or
z-axis in Figure 1), and (b) light propagates lengthwise through the 1D photonic crystal
(propagation along the x-axis in Figure 1). In this chapter, we will focus on lengthwise peri-
odic structures since lengthwise structures can be easily integrated with sub-micrometer

a) b) A n2
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Figure 1. (a) Top view and (b) cross section of a 1D photonic crystal.
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silicon waveguides and provide more flexibilities than that of crosswise periodic struc-
tures. Nowadays, extensive review papers and books are available for fully understand-
ing the specific electromagnetic properties of the periodic structures considered here [16].
However, to provide intuitive guidelines for the design process, a much simpler theory will
be used in this chapter.

A lengthwise 1D photonic crystal shown in Figure 1 generally operates in the following three
regimes, depending on the ratio between the structure’s pitch (A) and the operating free-
space wavelength (A):

i. Diffraction regime. The incoming beam is scattered in different orders.
ii. Bragg reflection regime. The incoming beam is reflected backward.

iii. Sub-wavelength regime. The diffraction and reflection effects due to the periodicity of the
structure are suppressed.

Figure 2 shows a schematic k—w diagram of a 1D periodic structure with lengthwise propaga-
tion (along the x-axis) [16]. One can see that, for a given pitch periodic structure, the work-
ing regime is strongly related to free-space operating wavelength A or operating frequency
w. When w > w, (above the first photonic bandgap), the waveguide becomes lossy for Bloch
mode, and the light will be radiated out of the waveguide. This character has been utilized to
design fiber-to-chip surface couplers (grating couplers). In the frequency range of w, > w > w,
(the first photonic bandgap), light cannot propagate through the periodic structure and is
reflected, and this is Bragg reflection regime. The propagation constant in this regime is

Q)
A

Diffraction

i+ | | PRSI ——.~.- ~

7 1. 3 DTSR B

Sub-wavelength

> kB
/A

Figure 2. The schematic band diagrams a 1D photonic crystals with lengthwise propagation (along the x-axis).
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constant: k, = t/A. The bandgap has been extensively exploited to design distributed Bragg
reflectors (DBRs) on different photonic platforms.

The last regime is located below the first photonic bandgap where the operating frequency is
smaller than w,. From Figure 2, one can find that the propagation constant k, grows mono-
tonically as operating frequency increases, indicating that the periodic waveguide behaves
as a conventional waveguide. Thus, in sub-wavelength regime, periodic structures work as
homogeneous media. Consider a general case, light propagates (along the x-axis) through the
structure (shown in Figure 1), with a linear polarization either parallel (E,) or perpendicular
(E)) to the interfaces between the two media. The equivalent effective index of the structure
can be expressed with the zeroth-order approximation [17]:

2 = Y — 2
ni = gni+=a—n D
1 _wl Awl
w T Anit A n? 2)

where w//\ is duty cycle of the structure. Thus, both effective index and effective birefringence
can be engineered by adjusting the geometry of the structure. This allows for completely new
design approaches and can be exploited in a variety of devices. Egs. (1) and (2) also apply to
crosswise structures.

3. Applications of diffraction regime

For the sake of clarity, the discussion on the applications of 1D photonic crystals in silicon pho-
tonics is divided into three parts. Hereinafter, we will use the general expression “diffractive
gratings” and “sub-wavelength gratings (SWG)” to indicate the 1D photonic crystals operat-
ing in diffraction regime and in sub-wavelength regime, respectively. This section is devoted
to applications of the diffraction regime. Applications of sub-wavelength regime and Bragg
reflection regime are discussed in Sections 4 and 5, respectively. This section focuses on the
key components in silicon photonics: grating couplers. To further improve the performance,
combination of diffractive gratings and crosswise sub-wavelength structures is also presented.

A grating coupler is a 1D periodic structure that can diffract light from propagation in the
waveguide (in plane) to free space (out of plane). By placing an optical fiber above the chip,
part of the radiated light is collected. It is normally used as an I/O device to couple light
between fiber and sub-micrometer silicon waveguides. And, grating couplers are defined lith-
ographically and can be placed anywhere on the chip surface to enable inputs and outputs,
which are particularly useful for massive production. Figure 3 shows the cross section view
of a shallow-etched grating coupler on a SOI wafer. The thickness of the core silicon layer and
the thickness of the buried oxide (BOX) layer are determined by the wafer type. Normally, the
thickness of core silicon layer (k) is 150-300 nm. The cladding material is usually air (1, =1),
silicon dioxide, or an index-matching liquid (n, ~ 1.45).
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Cladding A n2

Figure 3. The cross section view of a shallow-etched grating coupler.

Figure 4 illustrates the concept of a grating coupler working as an output coupler. The opera-
tion of a grating coupler can be understood by the constructive and destructive interference
arising from the wave fronts generated by the diffraction of light from the grating strips [18,
19]. First, we can check Figure 4a. In this case, the operating wavelength matches the pitch
of the gratings. The first-order diffraction will vertically propagate, and the second-order dif-
fraction will be back to the waveguide. However, the back-traveling light will be considered
as reflection for the silicon waveguide, which is undesired since the light path between two
grating couplers can form a Fabry-Perot oscillation cavity. This oscillation will modulate the
transmission of other components. One efficient way to address this issue is detuning the
grating and tilting the fiber (see Figure 4b) with a small angle to the grating surface. When
the wavelength inside waveguide is smaller than the pitch of the gratings, the diffracted light
waves will propagate at an angle, and reflection caused by second-order diffraction will be
strongly suppressed.

The grating coupler could be well described by Bragg Law. If the grating parameters are fixed
as constants (such as pitch and refractive indices of layers), then the radiation angle is given
by the equation [18]:

n,sin6, = n,+< 3)
where 7, is the refractive index of the cladding material (see Figure 3) and k is an integer
which represents the diffraction order. In some literatures, the effective index 1, is substi-
tuted by Bloch-Floquet mode index (7,). The main reason is that the relatively short light
extraction length between a fiber and a grating coupler generally causes a strong perturbation
in the waveguide. But for preliminary design process, using effective index is enough to quali-
tatively understand the property. In Ref. [18], only when sin0, is real, the gratings diffract
light from the waveguide. Consequently, we can play with the pitch of gratings so that only
the order k = -1 occurs or dominates.
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Figure 4. Diagrams describing the concept of a grating coupler working as an output coupler. (a) Vertical first-order
diffraction and backward second-order diffraction and (b) tilted first-order diffraction without second-order diffraction.

A straightforward way to realize a grating coupler is using straight gratings connected to
a taper to convert the fiber mode to a narrow waveguide mode. To obtain high conversion
efficiency, the taper length needs to be more than 100 um [19-21], which is undesirable for
compact and high-density integration schemes. Alternatively, confocal gratings enable more
compact designs. The whole grating is shaped to an ellipse with a common focal point, which
coincides with the optical focusing point where the single-mode silicon waveguide is con-
nected [22, 23].

One vital property of grating couplers is coupling efficiency. There are three main factors that
contribute to a reduced efficiency of a grating coupler:

i. Penetration loss, that is, the fraction of waveguide power that escapes into the substrate.
For a shallow-etch structure, there is about 30% of power lost in the substrate; and the
penetration loss can be more than 50% in a full-etch structure [19]. This can be improved
by using reflectors imbedded in the substrate [24-26]. As a result, the upward radiated
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optical power is improved, and radiation downward the substrate is reduced. Those re-
flectors can be a metal layer or multiple-layer-distributed Bragg reflector.

ii. Back reflection, that is, the optical power reflected from the coupler into the waveguide.
For a well-designed shallow-etched grating coupler, the back reflection is less than
-20 dB, so this does not contribute a significant loss to the coupler. However, this loss can
be much higher in a full-etched grating coupler. Coupling the light under a small angle
also helps to eliminate the first-order Bragg reflection, which is another reason why grat-
ing couplers are often designed with a coupling angle.

iii. Mode mismatch, that is, the overlap integral between the diffracted light beam and the
near-Gaussian optical fiber mode [27]. In theory, the overlap integral is determined by the
fraction of waveguide power diffracted from each pitch of the gratings. Approximately,
this fraction is in direct proportion to refractive index difference between the strips of the
gratings and the grooves. Therefore, in comparison with full-etched structures, a shal-
low-etched structure possesses a lower index difference which produces a relative wide
radiated light beam. Consequently, conventional grating couplers with shallow-etched
gratings help enhancing the field overlap.

It is should be noted that the power loss caused by mode mismatch can be further improved
by apodizing or chirping the gratings [20, 28, 29] in which the index difference is varied along
the structure to obtain a radiated beam that resembles the optical fiber mode. Duty cycle
varied crosswise SWG structures can also enable the design of apodized grating couplers
fabricated by a single, full-etch step. Consider a crosswise SWG structure enabled grating
coupler shown in Figure 5. x direction is the in plane propagation direction of a conventional
grating coupler, and the original grooves are occupied by crosswise SWG structures acting as
artificial homogeneous media. The equivalent index of SWG can also be approximately esti-
mated by Egs. (1) and (2). Thereby, a grating can be apodized by varying the duty cycle (w/
Ay) of the SWG structure located in each groove. However, the introduction of crosswise SWG
structures also causes a variation of the radiation angle 0 along the grating. To compensate

3

: Axn : A.xnﬂ':

Figure 5. Top view of an apodized grating coupler with crosswise SWG structures.
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this variation, chirping the grating along x direction is necessary. An apodized grating cou-
pler with focusing design exhibiting a coupling efficiency of —1.8 dB was reported in Ref. [30].

The combination of diffractive gratings and crosswise SWG structures is also exploited to
obtain polarization-independent grating couplers [31, 32]. Conventional grating couplers
are highly polarization sensitive, which can be used as polarization filters or polarizers. The
effective index in the grating region is highly birefringent, causing different radiation angles
for TE and TM polarization states. When we consider a grating coupler with SWG structures
shown in Figure 5, the effective index of the TE (z-polarized) mode will be much larger than
that of the TM (y-polarized) mode in the silicon slab regions. However, in the sub-wavelength
regions, from Egs. (1) and (2), it was found that the effective index of the TE mode 7 is
smaller than that the TM mode n,. It is possible to design grating region so that these two
effects cancel each other resulting in an identical Bloch mode effective index for both polar-
ization states. Consequently, the grating coupler becomes polarization independent. Ref.
[32] demonstrated a similar design possessing a coupling efficiency of —6.5 dB for both
polarization states.

Broadband grating couplers with SWG structures were also proposed and demonstrated. A
grating coupler with a bandwidth of ~100 nm and a coupling efficiency of -5.6 dB was pre-
sented in Ref. [33]. A simulated bandwidth of ~300 nm and a coupling efficiency of -2.8 dB
were obtained by employing fully etched triangular holes in Ref. [34].

4. Applications of sub-wavelength regime

This section further presents applications of lengthwise SWG structures in which light propa-
gates perpendicularly to the interfaces of the structure (along the x direction in Figure 1).
As mentioned in Section 2, it is possible to engineer both effective index and effective bire-
fringence which can be exploited in many silicon photonic devices for optical bandwidth
and polarization-sensitivity improvement. In this section, we first discuss the mode convertor
between SWG-based waveguides and conventional waveguides, which is the basic compo-
nent for integration of these two kinds of technologies. Then, we move to some other key
components such as waveguide crossings, multimode interference (MMI) couplers, and wide-
band and polarization-independent directional couplers.

4.1. Mode converters

To fully utilize the properties afforded by SWG-based waveguides and other components,
integration and interconnect with conventional waveguides are needed. There are two key
points to design such mode converters: low loss and low reflection. To attain both targets, sev-
eral works have been done in theories and experiments [35, 36]. Figure 6 shows the schematic
diagram of a mode converter which contains three parts: conventional waveguide section,
transition section between conventional waveguide and SWG-based waveguide, and SWG-
based waveguide section. The transition section determines the performance of this mode
converter; a clear approach is chirping the pitch and duty cycle and incorporating bridging



1D Photonic Crystals: Principles and Applications in Silicon Photonics
http://dx.doi.org/10.5772/intechopen.71753

SWG based wavegulde Transition taper Convent10na1 wavegmde

H T H

Figure 6. Top view of a SWG-based mode converter with section indications.

elements between the two waveguide sections [36]. Similar to conventional inverse taper, the
mode effective index in transition section also gradually changes along propagation; thus,
particular care should be taken for avoiding Bragg reflection regime within target operating
optical bandwidth.

Mode converters can also be used for fiber-to-chip coupling [35, 37] and coupling between con-
tinuous fields and discretized fields [38]. For fiber-to-chip coupling applications, mode con-
verter is carefully designed to match the on-chip waveguide mode size, shape, and effective
index to that of a single-mode fiber, thereby increasing coupling efficiency. The insertion loss
of such mode converter was extracted from experiments: —0.23 dB for TE mode and -0.47 dB
for TM mode [38]. The application for coupling between continuous fields and discretized
fields can be found in arrayed waveguide grating (AWG). In an AWG, the main loss and
backward reflection are from transition between the slab waveguide (where continuous fields
are from) and the array waveguides (where discretized fields appear). The loss is from the
gap between arrayed waveguides, and reflection is caused by high-index difference between
slab region and free propagation region. By placing well-designed SWG structures between
arrayed waveguides, the index difference and fields coupling can be further optimized. Ref.
[39] shows some experimental results about AWGs with SWG-based mode converters.

4.2. Waveguide crossings

An efficient waveguide crossing is highly desired to materialize the full potential of sili-
con photonics for on-chip optical interconnects. Due to the high-index contrast of the sili-
con platform such as SOI, the insertion loss of a conventional waveguide crossing is around
0.15 dB. To reduce optical loss, waveguide crossing designed by using particle swarm opti-
mization has been proposed and demonstrated, with a loss of —0.028 + 0.009 dB for 1550 nm
operating wavelength [40]. In this part, we introduce some waveguide crossing designs
assisted by SWG structures. The experimentally confirmed insertion loss is comparable with
or even lower than that of particle swarm-optimized designs. A further advantage of using
SWG structures is improving optical bandwidth and polarization sensitivity.

First, we go through some fundamentals of conventional waveguide crossings. Figure 7a
gives the top view of a conventional waveguide crossing, and cross section of the multimode
waveguide region is shown in Figure 7b. A conventional design is composed of MMI regions,
single-mode access waveguides, and a crossing section. It was found that the intrinsic loss of
such design is attributed to three aspects:
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i

ii.

iii.

Phase error in the MMI region. When wide multimode waveguides are utilized, it is pos-
sible to find more than two modes excited in MMI regions. Some phase errors will ap-
pear, and the perfect self-imaging position cannot be found by adjusting MMI length.
To avoid exciting high-order modes, narrow multimode waveguides supporting three
modes (fundamental, first order, and second order) are applicable. Among these modes,
only fundamental and second-order modes are excited in an symmetric interference MMI
structure. Then, the self-imaging length is only related to two modes, and high-order
mode phase errors could be thoroughly eliminated.

Loss caused by sharp transitions between single-mode waveguides and MMI regions. As
suggested by [41], a linear or nonlinear taper can be applied to reduce the transition loss.
It is worth to underline that the taper also affects the power portion in the second-order
mode in MMI regions [42]. Through simulation, we can find the optimal power ratio
between fundamental mode and second-order mode. If the power ratio is too small, the
MMIs even lose the capability of focusing light beam at the center of the crossing section,
causing mode mismatch between the diverged beam after passing through the crossing
section and the guided modes of the multimode waveguide. When the power ratio is
larger than the optimal value, a large amount of the second-order mode possessing a
wide angular spectrum scatters through the crossing section, and some of it radiates into
the orthogonal MMI regions, resulting in substantial loss and crosstalk. Consequently,
when choosing the length of the taper, a trade-off between modal transition loss and two-
mode power ratio needs to be found.

Mode mismatching between multimode waveguides and the crossing section. The cross-
ing section is much wider than the multimode waveguide width, which can be consid-
ered as a slab waveguide that supports pure TE modes. However, the mode in the sin-
gle-mode access waveguide and the second-order mode in the multimode waveguide
are both quasi-TE modes with a considerable amount of TM polarization. Then, the TM
mode power will be dissipated in the crossing section. It is found that the power portion
of TM polarization can be effectively suppressed by increasing the lateral cladding index
(n,) in MMI regions. One straightforward way is depositing a high-index material such

Figure 7. (a) Top view of a conventional waveguide crossing, (b) cross section view of MMI sections, and (c) top view of
a SWG-assisted waveguide crossing design.
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as Si N, _ . Also, using a tightly controlled shallow-etched structure is feasible. Both ap-
proaches complicate the fabrication process.

In Ref. [42], researchers developed a new waveguide crossing assisted by SWG structures to
engineer the lateral cladding index, simplifying fabrication procedures. Figure 7c gives the
schematic of such design. A 101 x 101 MMI crossing matrix was demonstrated on the SOI
platform. An insertion loss of 0.019 dB and a crosstalk lower than —40 dB at 1550 nm operating
wavelength were obtained for each crossing. It is worth to note that the optical bandwidth
(90 nm) is wider than that of conventional designs.

Figure 8 shows another waveguide crossing design that lies on SWG-based waveguides [43].
In comparison with the designs shown in Figure 7a and 7c¢ this waveguide crossing has no
multimode waveguides. At the center of the crossing, a squared segment is used to enable a
symmetrical structure. Loss per crossing was measured as 0.023 dB with polarization depen-
dent loss of <0.02 dB and crosstalk below —40 dB [43]. An improvement from this design is
polarization insensitivity. More discussions can be found in Ref. [43].

4.3. MMI couplers

MMI couplers are widely used as basic building blocks in many advanced photonic devices
including MZ modulators [10], polarization-handling devices [44], mode handling devices
[45, 46], etc. Before reviewing some high-performance MMI coupler assisted by SWG struc-
tures, we will briefly recall the fundamental limitations of conventional MMI couplers.

A MMI coupler consists of single-mode in—/output waveguides and a multimode waveguide
section, as shown in Figure 9. The input light beam excites multiple modes in the central sec-
tion with different excitation coefficients. The coefficients are determined by input mode pro-
file and the structure of the central section (MMI section). Those modes propagate through the
central section with different propagation constants (f, ) and interfere with each other to form
the N-fold self-imaging of the input mode [47]. Placing output waveguides at the imaging
position, beam splitting and combining function can be achieved. The MMI or central section
length (L,,,) has a certain relationship with beat length (L ) of the two lowest excited modes
in the central section. The beat length at operating wavelength is given by

L = Fo-gm @
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Figure 8. Top view of a SWG-based waveguide crossing.
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Figure 9. Schematic of a MMI coupler with indications.

Furthermore, to obtain clear images for low loss and power imbalance of MMI couplers, the
propagation constant of each excited mode needs to meet the following relation:

(m2-1)

B, = B~ 3L Tt )

where m is the mode order and f§, is the propagation constant of the lowest-order mode.
Unfortunately, this condition is only satisfied for the lower order modes, which causes MMI's
phase error and excess loss. An obvious approach is to suppress excitations of higher order
modes, which can be done by increasing modal width of input mode and reducing the number
of modes that MMI supports. Inserting tapered input waveguides between single-mode wave-
guides and the central section (as shown in Figure 9) in return increases modal width ratio
between input mode and the excited fundamental mode, resulting in a limited number of (the
lower order) modes excited. About reducing supported modes in the central section, reduc-
ing the width of MMI section (same effect as that of the use of tapered input) and increasing
lateral cladding index (decrease core-cladding refractive index contrast) are feasible methods.

In Eq. (4), the beat length is described only for a certain wavelength. We rewrite the equation
as

I N I 1
L = 2 -m) ©)
It can be seen that the beat length decreases with increasing wavelength. This is the major
limitation of the bandwidth of a MMI coupler. To achieve broadband MMI couplers, we need
to find a way to suppress high-order modes excited in MMI section and keep (n,(1) -1,(1)
increasing as wavelength increases.

Now, we review two high-performance MMI couplers assisted by SWG structures. The first
case is 4 x 4 MMI coupler serving as a 90° hybrid for coherent detections. One vital param-
eter of this MMI coupler is phase error. As discussed before, the use of input taper is a com-
mon practice to obtain small phase errors. But for SOI platform, only using input taper is not
enough to meet the target since the large core-cladding index contrast in SOI waveguides
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leads higher-order modes to not properly fulfill Eq. (4). The large lateral index contrast can be
tailored by an (some) extra shallow-etch step(s) to define shallow-etched multimode region.
This was experimentally confirmed as an efficient way [48]. However, extra etch steps and
tightly controlled etching depth are required, complicating the fabrication process and not
suitable for massive production. Instead of introducing shallow-etch process, laterally inte-
grating SWG structures also allows for lateral cladding index engineering with single full-
etch step. The design process is straightforward: (1) calculate the equivalent effective index of
SWG structures under different pitch and duty cycles; (2) sweep the cladding index of a 4 x 4
MMI coupler to find an optimum value; (3) use the data calculated in Step 1 as a lookup table
and, then, geometry parameters of the sub-wavelength structure that yields the desired value
of lateral cladding index can be found; and (4) use FDTD to further verify the structure. The
schematic diagram is depicted in Figure 10a. Simulated common mode rejection ratio and
phase error of less than 24 dBe and 2°, respectively, are presented in Ref. [49]. This technology
can be also exploited in any N x N MMI coupler.

The second case is broadband 2 x 2 MMI coupler. In practices, broadband MMI couplers
are demanded to simplify system and reduce cost. Similar to the above case, optimization
of tapered input broadens the bandwidth. In Ref. [50], researchers proposed a broadband
2 x 2 MMI coupler in which the conventional multimode section is replaced with a length-
wise SWG-based waveguide of 6.0 um width, 198.0 nm pitch, and 50% duty cycle. The sche-
matic diagram is shown in Figure 10b. To fully understand how the SWG structures can be
exploited to significantly increase the bandwidth of MMI couplers, it is useful to replot the
sub-wavelength regime in Figure 2 in an equivalent way as shown in Figure 11. One can see
that the sub-wavelength regime can be divided into two regions: high dispersion region (A is
close to Bragg wavelength) and low dispersion region (A >> A). The exciting part is that the
dispersion value is adjustable through changing pitch, which can be utilized to design broad-
band MMI couplers. In results, the bandwidth of the MMI coupler in Figure 10b is determined
by the pitch. To connect with conventional waveguide structures, mode converters similar as
the one described in Section 4.1 were placed at in—/output ports as shown in Figure 10b. The
mode converters also help to expand mode field to excite only lower-order modes. Due to
the relatively low equivalent refractive index of the SWG-based multimode region, the MMI
length is also shortened in return. Additionally, this technology can be applied to design
broadband directional couplers [51].

a) b)
s—_" v
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Figure 10. Schematics of MMI couplers: (a) a 4 x 4 MMI coupler with lateral SWG structures and (b) a 2 x 2 MMI couplers
with SWG-based multimode section.
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Figure 12. Schematic of a polarization-independent directional coupler based on slot waveguides with SWG structures.

4.4. Polarization-independent directional couplers

With its superior performances, directional coupler (DC) has attracted considerable attentions
and been widely used in many applications, including on-chip sensors, filters, switches, and
polarization beam splitters. In comparison with other couplers, such as MMI couplers and
Y-branch couplers, DCs process valuable properties in terms of ultra-low loss, low reflec-
tion, and arbitrary power coupling ratio obtained by adjusting the length and gap of the cou-
pling region. However, by using sub-micrometer SOI waveguides, the beat length of TE mode
greatly differs from that of TM mode due to the high birefringence of silicon waveguides,
resulting in power ratio sensitivity to polarization states. Polarization-independent DC is use-
ful for some applications where the amount of collected or split optical power is concerned.
Some techniques have been proposed and experimentally confirmed to address this issue.
One solution is to use polarization diversity schemes where polarization splitting and rotat-
ing devices are needed, which increases system size and complexity. Another approach is to
make the directional coupler inherently polarization insensitive [52-54].

Recently, a SWG-assisted slot waveguide polarization-independent DC with relatively large
fabrication tolerance has been demonstrated on SOI chip [55]. Figure 12 describes the schematic
diagram of this design. The SWG structures are extended into the gap between two parallel slot
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waveguides. The SWG structures are considered as homogenous media. By calculating the
relation between beat length of both polarization states and refractive index of SWG structures
(n,), it was found that the two curves are of different slopes. By adjusting the duty cycle, if the
effective indices of the TE mode n, and TM mode n, in SWG structures meet the n, . and n,,,
for same beat length for TE and TM modes, then the optimum duty cycle is attained. FDTD
simulations for further confirmation are necessary. The measured coupling efficiency is 97.4
and 96.7% for TE and TM modes, respectively, at a wavelength of 1550 nm. It is worth noting
that an additional advantage of this design is its wide bandwidth over 120 nm (1475-1595 nm)
theoretically and exceeding the entire C-band (1525-1570 nm) experimentally. To interconnect
such design with a conventional waveguide, a slot-to-strip waveguide converter is required.

5. Applications of Bragg reflection regime

This section is devoted to applications of Bragg reflection regime of 1D photonic crystals. For
the sake of clarity (unless otherwise stated), hereinafter we will use the general expression
“Bragg gratings” to indicate the 1D photonic crystals operating in Bragg reflection regime as
shown in Figure 2. One prominent feature of Bragg gratings is the linear relation n,,  ~ A/A
within the photonic bandgap (v, > @ > w,). The bandgap has been extensively exploited to
design DBRs on different photonic platforms as key elements of DBR lasers [56, 57], distrib-
uted feedback (DFB) lasers [58, 59], fiber Bragg gratings (FBGs) [60], VCSELs [61], etc. On sili-
con platform, silicon waveguide-based Bragg gratings have been integrated with III-V gain
elements to provide optical feedback for lasers on a silicon chip.

This section starts with a brief discussion of Bragg gratings serving as mirrors in hybrid lasers
on a silicon chip (Section 5.1). Section 5.2 is dedicated to Bragg gratings designed as a polar-
izer and higher-order mode pass filter.

5.1. Hybrid lasers with Bragg gratings

The realization of an efficient, reliable, and electrically pumped laser on a silicon wafer is still a
scientific challenge. In Ref. [15], researchers first demonstrated a high-performance electrically
pumped quantum-dot laser through epitaxial growth of III-V materials on a silicon substrate.
Another common-practice approach to realize light source on a silicon wafer is wafer bonding.
Several bonding process schemes have been proposed [9, 62-66]. To fabricate a single-wave-
length laser and multiwavelength laser array, prefabricated single-wavelength laser diodes can
be directly bonded on a silicon wafer [62]. Alternatively, embed III-V gain sections to silicon
photonic circuits and the wavelength-selections are done by some silicon-based wavelength-
sensitive devices such as ring resonator, slotted feedback structure, and Bragg reflector. In Ref.
[66], a four-channel multiwavelength DFB evanescent laser array was designed and fabricated.
Beneath each III-V gain section, Bragg gratings were fabricated on the surface of the silicon
waveguide. The ASE from a gain section propagates and evanesces into a silicon waveguide
and is modulated by gratings, forming a DFB laser. For realizing different channel wavelengths,
the width of silicon waveguide is varied to obtain different Bragg propagation constants.
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5.2. TM-pass polarizers

Photonic devices based on SOl waveguides always suffer from severe polarization-sensitivity
problems due to high birefringence, which greatly limits their application range. Various
polarization-handling devices have been attracting attentions, including polarization beam
splitters, polarization rotators [67], and polarizers. Among them, a polarizer is used to
achieve linearly polarized light with a high extinction ratio. In practices, a low loss, high
extinction ration, and compact footprint polarizer is highly desired. Many designs have
been proposed and demonstrated on silicon wafers [68-70]. The basic rationale of designing
a polarizer is to lose or filter unexpected polarization state out from the optical propagation
paths with negligible effect on desired polarization state and maintain the device size as
small as possible.

In Ref. [71], a waveguide-based TM-pass polarizer is fabricated with 1D photonic crystals.
The schematic of this design is depicted in Figure 13. The device is composed of three
parts: in—/output waveguides, 1D photonic crystal with teeth and bridges, and transition
tapers. The pitch was well designed to make the waveguide supporting Bloch mode for
TM polarization state, so that the incident TM-polarized light goes through the waveguide
with very low excess loss. On the other hand, for TE polarization state, the waveguide
works as a Bragg reflector, and consequently the incident TE-polarized light is reflected
with very high efficiency. Therefore, the following conditions should be satisfied approxi-
mately [71]:

nffA-w+nFw = A/2 (7)
nMA-w)+n™w < % (8)

where 1, and n_ are the effective indices of the TE or TM modes in the narrow and wide sec-
tions, respectively. Intrinsically, for a strip waveguide well-supported TE mode, the effective
index of TM mode is smaller than that of TE mode, and thereby once Eq. (1) is satisfied, Eq.
(2) is also satisfied. Thus, the design process flow can be as follows: (1) use Bragg reflection
regime condition to roughly estimate parameters of the photonic crystal; (2) simulate the k—w
diagrams for both TE and TM modes by the use of 3D FDTD; and (3) calculate the transmis-
sion responses for both TE and TM modes to further check the design. In Ref. [71], a measured
extinction ratio of 40 dB was obtained with a period number of 40.
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Figure 13. Schematic of a TM-pass polarizer assisted by 1D photonic crystals.
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Adapting the same mechanism discussed above, higher-order mode pass filters have been
demonstrated on a silicon wafer in Ref. [72], which are building blocks for mode-division
multiplexing (MDM) systems. A 15.0-um-long TE1 mode pass filter exhibits an extinction
ratio of ~48 dB and an insertion loss of ~1.8 dB at 1550 nm.

6. Conclusion

1D photonic crystals have been well developed in silicon photonics and other material platforms
as well. Three operating regimes allow 1D photonic crystals to be exploited in many different
functional photonic devices with compact footprints. In diffraction regime, light beam can be
diffracted into different directions by controlling configuration of photonic crystals in terms
of pitch, duty cycle and effective index. In sub-wavelength regime, material refractive index,
birefringence, and dispersion can be simply controlled by lithographic patterning to enable
new design methods that lead to high-performance photonic devices. Propagation constant
is proportional to operating wavelength and effective index in Bragg reflection regime. Thus,
many wavelength-, mode-, and polarization-sensitive devices have been demonstrated with the
assistance of Bragg gratings. In all these three regimes, when the operating wavelength range
is fixed, the sub-wavelength gratings require tightest lithography process control that is high
patterning resolution and is the most versatile one. Normally, sub-wavelength gratings are fab-
ricated by electron-beam lithography which is not only expensive but also not suitable for mass
production. And, the patterning resolution of DUV stepper lithography widely used in CMOS
technology is not enough for accurately controlling sub-wavelength gratings. Therefore, con-
tinuing improvement in advanced lithography techniques is one important way to realize large-
volume integration of sub-wavelength gratings with other electronic and photonic devices.
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Abstract

The photonic crystals (PCs) exhibit photonic band gap (PBG), inhibiting specific wave-
length of light decided by structural periodicity. PCs are a new class of periodic dielectric
media that can provide novel ways to manipulate and control light. Researchers have
recently devoted extensive efforts to fabricating PCs with controlled symmetry, size, and
defects on a large scale and tuning of PBG. Liquid crystalline (LC) materials exhibit-
ing self-organization, phase transition, and molecular orientation behaviors in response
to external stimuli are attracting significant attention for the bottom-up nanofabrication
and tuning of advanced photonic materials and devices. Here, we will introduce self-
organization of PCs from LCs and photoswitching mechanism of PBG based on phase
transition and anisotropic orientation of LCs.

Keywords: self-organization, molecular orientation, liquid crystal, azobenzene, light
response, photonic band gap

1. Introduction

The structural coloration is basically caused by interaction between light and periodic
nanostructured-materials, and light absorption with dyes or pigments is not required for
the structural coloration. One can find structural coloration of various materials in nature,
and the structural colors are iridescent and very durable, for example, opal, peacock wings,
and so on. Recently, there is an increasing interest in developing bioinspired nanostructures
with controlled symmetry, size, and defects on a large scale for photonic crystals (PCs) [1-7].
Generally, the fabrication processes are divided into bottom-up and top-down methods. The
top-down methods are mostly based on lithography-related techniques, which are expensive
and requiring high technology [8-11]. The bottom-up methods are primarily about the self-
assembly of component units such as emulsions, colloidal particles, and block copolymers
[12-16].

I NT EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Liquid crystalline (LC) materials are attracting significant interest on the bottom-up nano-
fabrication of advanced photonic materials and devices with unique configuration and novel
tuning mechanism. LCs undoubtedly represent such a marvelous dynamic system based on
molecular reorientation behavior affecting macroscopic properties [17-19]. On the other hand,
the responsiveness of LCs to various stimuli such as temperature, light, mechanical force, and
electric and magnetic fields as well as chemical and electrochemical reactions can attribute
to fascinating tunability of photonic band gap (PBG) in the periodic nanostructure, which
provides numerous opportunities in all-optical integrated circuits and next-generation com-
munication system. Here, several examples of self-organized LC nanostructures are intro-
duced, and fabrication of three-dimensional (3D) PCs containing azobenzene LC molecules
and photoswitching of PBG are discussed.

2. Self-organized PCs and PBG tuning based on LCs

2.1. Self-organized LC nanostructures

We introduce several examples for the fabrication methods of precisely constructing of PCs
using self-organized LC nanostructures of cholesteric LC (ChLC), LC blue phase, and holo-
graphic polymer-dispersed LC.

2.1.1. Cholesteric LC

Dissolving a chiral compound in a nematic LC causes helix formation, resulting in the selective
reflection of circular light corresponding to the helical pitch and helical sense. The pitch, the dis-
tance over which the director field rotates by 2m radians, is sensitive to external stimuli such as
temperature, light, electric field, and mechanical stress [20-25]. Kurihara et al. have reported on
the photochemical change in transparency as well as the selective reflection of a cholesteric LC
(ChLC) resulting from the photoisomerization of a chiral azobenzene compound doped in a host
nematic LC [26-31]. It is based on the photochemical change in helical twisting power (HTP) of
the chiral azobenzene compounds under irradiation of UV and visible light. A combination of a
rigid chiral diol core and azobenzene group led to larger photochemical changes in HTP, resulting
in a reversible change of selective reflection over whole range of visible region with faster photo-
chemical switching as shown in Figure 1. HTPs of the chiral azobenzene compounds increased
or decreased by UV light, and the color change of reflection light was seen even with naked eyes.

On the other hand, Musevic et al. developed ChLC microdroplets, in which the arrangement
of ChLC molecules was with parallel anchoring of the LC molecules at the surface. The heli-
cal structure of the LC originates from the center of the droplet and gives rise to concentric
shells of constant refractive index. The introduction of chirality in ChLCs in the spherical
shape resulted in the formation of a multilayered spherical Bragg resonator with an alterna-
tion periodic refractive index [32]. This dielectric structure is optically equivalent to the well-
known Bragg-onion optical microcavity. In addition, Li et al. reported photoresponsive ChLC
droplets with large helical twisting power [33].
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Figure 1. Changes in the selective reflection of the ChLC after UV irradiation (a) and visible light (b) irradiation at
25°C. And the photograph (c) of color change of the ChLC by varying UV irradiation time 0 s (left), 4 s (middle), and 10 s
(right). [31] Copyright 2005, Wiley-VCH.

2.1.2. LC blue phase

Blue phases (BPs) are among the most fascinating photonic nanostructures in the area of
LCs [34]. They are known to self-organization into the 3D frustrated nanostructures, which
originate from the competition between the packing topology and chiral forces. The peri-
odic nanostructures are self-organized from the so-called double-twisted cylinders that are
usually stabilized by the formation of defects or disclinations. As the 3D PCs, BPs feature
remarkable bandgap tunability over an extensive spectrum in response to various exter-
nal stimuli such as temperature [35, 36], mechanical strength [37], electric field [38], and
light [39-41]. The spectral band gap position of selective reflection can be readily predeter-
mined by varying the chiral fraction of BP mixtures. However, BPs have received increasing
attentions especially in recent years, but the reflection wavelength tuning is usually quite
narrow. The ability to dynamically tune the photonic bandgap in cubic BPs across a wide
wavelength range is highly desirable. Effort to improve the instability and irreversibility
of BPs has been made with polymer-stabilized structure [18] and incorporation of unusual
bent-core mesogen [42].
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2.1.3. Holographic polymer-dispersed LC

Holographic polymer-dispersed liquid crystal (H-PDLC) materials belong to a phase separa-
tion material system where the LCs can form droplets, of controllable sizes, that are phase-sep-
arated from the polymer-rich regions during the photopolymerization process. Interestingly,
it has enabled the in situ fast one-step fabrication of self-organized PCs. The control of the
bandwidth of the reflection resonance, related to the light intensity and spatial porosity dis-
tributions, was investigated to optimize the optical performance.

For example, Cartwright et al. reported a graded reflection grating based on the H-PDLC
material system [43, 44]. An obvious rainbow-colored reflection was observed from the same
viewing angle by a modification to this standard configuration where the triangular prism is
replaced with a cylindrical lens. Modified optical setup is based on a cylindrical lens to gener-
ate a graded holographic interference pattern along the x-axis from the incident and reflected
beams. It is expected to compact graded PBG structures for linear variable optical filters.

The marriage of holography and self-organized LC materials is highly expected to produce
a diverse range of novel 1D, 2D, and 3D nanostructures for various applications in electro-
optical filters, wavelength division multiplexer, free-space optical switches, information dis-
play devices, and so on [45-49].

2.2. PBG tuning of 3D photonic crystals

Three-dimensional PCs such as opal and inverse opal structure can be easily prepared by col-
loidal self-assembly approach. The fabrication of inverse opal structure infiltrated by azoben-
zene LC molecules for 3D PCs and the mechanism of photoswitching of PBG are described.

For 3D PCs, the reflection wavelength (A) under normal incident condition is expected by
equation of Bragg diffraction as follows [50]

2
A =2 \/; d \/nspherezf-i- nvoid2(1 _f) (1)

where d is the diameter of the sphere, N ere and n__, are the refractive indices of the sphere
and the medium in the voids of opal, respectively, and f is the volume fraction of the sphere.
In this way, the peak wavelength can be roughly tuned by two approaches: either by control
of the diameter of the sphere or by control of the refractive index. If one can control photo-
chemically phase transition or birefringence of LCs in 3D PCs, they will be candidates for
applications to optical devices such as display and memory.

On the other hand, light among various promising stimuli shows distinct and significant
advantages due to its spatial, remote, and temporal controllability. It is also noteworthy that
the light sources with different wavelength, intensity, and polarization are readily accessi-
ble. Photocontrol of chemical and physical functions of various molecular systems has been
studied vigorously using photochemical configurational change of azobenzene derivatives
[51-54]. The photochromism of azobenzene and its derivatives due to cis-trans isomeriza-
tion has been widely investigated. For PC containing azobenzene molecules, “photochemical
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phase transition” between the alignment phase and isotropic phase, or “photoinduced optical
anisotropy’ based on photoselective reorientation behavior is very useful parameter for self-
organization and optical photonic crystal switching. Here, fabrication of three-dimensional
(3D) PC containing azobenzene molecules and photoswitching of PBG are discussed.

2.2.1. PBG tuning by phase transition change

Three-dimensional PCs such as opal and inverse opal structure can be infiltrated with stimuli-
responsive materials, thus enabling PBG tuning. Kubo et al. reported on the drastic change
in optical properties for the inverse opal structure containing low molar mass LCs, by taking
advantage of the nematic-isotropic phase transition [50]. It is based on change in the light scat-
tering intensity between LC phase and isotropic phase.

SiO, inverse opal template could be fabricated by infiltration of SiO, spheres into the voids
of polystyrene (PS) opal film and calcination of PS as shown in Figure 2. When SiO, inverse
opal film infiltrated with 4-cyano-4-pentylbiphenyl (5CB), the reflection spectra of the
LC-infiltrated inverse opal film were changed with increase in the temperature as shown in
Figure 3. In the initial state at 25°C, 5CB is in the nematic phase and the film is white due to
light scattering. The reflection has two weak peaks. With the gradual temperature rise, the
positions of the peaks shifted slowly and a distinct peak at around 610 nm, which is derived

(a) PS-Opal

Calcination of PS at 500°C after
infiltration of SiO, beads

(b) SiO,-Inverse Opal
0000
AR AN

Vi Vi
POPeerS
POPPOT

"

Figure 2. Schematic of PS opal (a) and SiO, inverse opal (b) structures and their photographs.

207



208 Theoretical Foundations and Application of Photonic Crystals

Reflectance / %

Wavelength / nm

Figure 3. Reflection spectra of SiO, inverse opal film infiltrated with 5CB at the temperature from 25°C to 40°C [50].
Reproduced. Copyright 2004, American Chemical Society.

from PBG, appeared rapidly at the phase transition temperature into the isotropic phase at
40°C. The color of film becomes red. This result shows that switching of the optical properties
can be realized due to a phase transition of the LCs, leading to thermos-tunable PCs.

Kubo et al. also reported the photoswitching of reflection for SiO, inverse opal film infiltrated
with photo-response azobenzene containing LC mixture [55]. By UV light, a reflection peak
increased rapidly and then saturated, indicating appearance of PBG. The trigger for this dras-
tic change was the trans-cis photoisomerization of the azobenzene derivatives in the films.
The excitation of the m-rt* transition of azobenzene molecules at around 360 nm results in a
transformation from trans to cis isomers. The photoinduced cis form of azobenzene group has
a bent shape and hence tends to disorganize the phase structure of nematic LCs.

The observed change could be reversed to the original state, decrease of reflectance, by irradi-
ating with visible light. The recovery was induced by cis-trans photoisomerization, followed
by a phase transition from the isotropic to the nematic phase under visible light (436 nm).
Such a switching effect could also be observed in transmission spectra. It is supposed due
to the fact that the LC molecules in the nematic phase in the spheroidal voids are aligned
parallel to the void surfaces, but the orientation is completely random among spheres. It
is similar to the phenomena observed for polymer-dispersed liquid crystal (PDLC). On the
other hand, when the LC was transformed into an isotropic phase by UV light, the anisot-
ropy in the dielectric constant disappeared. That is, the dielectric constant of the LC in all of
the spheroidal voids became the same, and hence, a reflection peak due to Bragg diffraction
appears [56-58]. On the basis of this scenario, dynamic change in the optical properties was
observed repeatedly by alternating irradiation with UV and visible light. It was completely
reversible, exhibiting good stability and reproducibility during the light irradiation cycle as
shown in Figure 4.
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Figure 4. Time-dependent change in the reflectance of 5CB/azobenzene LC mixture-infiltrated inverse opal film at
603 nm by UV and visible light irradiation. The black bars show the periods for the irradiation of UV light (<400 nm),
and the gray bars show the periods for irradiation of visible light (436 nm). For other periods, the sample was kept in the
dark [58]. Copyright 2002, American Chemical Society.

2.2.2. PBG tuning by molecular reorientation

For low-molar-mass LC-infiltrated inverse opal film as mentioned in the previous section,
the stability of the switched state was not enough although the photoswitching was revers-
ible. It is due to the thermal back reaction of the azobenzene compound and fluidity of the
low-molar-mass LC. In contrast with low-molar-mass LCs, polymeric LCs are well known to
show excellent storage stability. Kurihara et al. reported the stable and reversible shift of the
Bragg diffraction band for SiO, inverse opal structure infiltrated with 4,4-methoxy hexyloxy
azobenzene polymethacrylate, PAz (schematic molecular structure is shown in Figure 5), and
reflection change were investigated when irradiation of linearly polarized light (LPL) and
circularly polarize light (CPL) of Ar + later (A = 488 nm) [59].

Photoisomerization behavior is demonstrated by absorption band change as shown in
Figure 6. By UV light, trans-cis isomerization is induced, the absorption peak at 360 nm
decreases, and the peak at 450 nm increases (Figure 5(a) and (c)). By irradiation of visible
light, cis-trans photoisomerization is induced, and reverse changes in absorption spectra are
induced (Figure 6(b) and (d)).

Anisotropic state of azobenzene compounds based on their molecular orientation can be con-
trolled via reversible isomerization behavior by light and thermal stimuli [60-62]. Namely,
alignment state of trans-form is perpendicular to the direction of polarized light (known as
Weigert effect [20, 63—-64]), and the alignment is destroyed by formation of cis-form.

The orientation state is evaluated by polarized absorption spectra and by birefringence, An,
measurement. From angle dependence of absorbance at the peak of 360 nm to the polar-
ized axis, orientation direction perpendicular to the polarized direction of induced LPL was
demonstrated. When An is estimated by change in transmitted light of the azobenzene film
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Figure 6. Changes in absorption spectra of PAz in THF after UV light (365 nm, 8 mW/cm?) (a) and visible light (436 nm,
60 mW/cm?) (b) irradiation. Changes in absorption spectra of PAz film irradiated UV light (365 nm, 10 mW/cm?) (c) and

following visible light (436 nm, 58 mW/cm?) (d) at room temperature.
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placed between two crossed polarizers, An of PAz was estimated to be 0.128, as shown in
Figure 7 [65].

Azobenzene polymer can be infiltrated into the SiO, inverse opal film by heating to melt. The
pore diameter and volume fraction of SiO, inverse opal, d and f, were estimated by compar-
ing wavelength of the reflection peaks of the SiO, inverse opal films infiltrated with various
solvents with different refractive indices. For SiO, inverse opal film, d =278 nm and f =0.118,
reflection spectra before and after injection of PAz are shown in Figure 8. The injection of
PAz caused a shift of the reflection peak from 480 nm to 710 nm, because of an increase in the
refractive index from 1.0 of air to 1.6 of PAz.

By LPL irradiation of light, reflection measured with polarizer parallel and perpendicular
to the polarization direction of LPL is plotted in Figure 9. The reflection peaks depend on
the irradiation time and polarization direction. By irradiation of a linearly polarized light at
488 nm (Ar + laser), azobenzene groups were aligned in the direction perpendicular to the
polarization direction of the laser light.

After irradiation of LPL, reflection band shifted to longer wavelength with little shoulder
at shorter wavelength. By observation with parallel and perpendicular polarizers, different
two bands were respectively observed. The maximum wavelengths of the reflection bands at
shorter and longer wavelength regions were 706 nm and 725 nm, respectively. Therefore, the
refractive indices of PAz in the pores after the LPL irradiation, ordinary refractive index (n,)
and extraordinary refractive index (n ), were estimated to be, respectively, 1.57 and 1.62 by
using Bragg diffraction (Eq. (1)) with the parameters d (278 nm), f (0.118), and nSiO, (1.45).
Namely, the photoinduced birefringence of PAz was 0.05 in the pores of SiO, inverse opal. It is
less optical anisotropy comparing to solid film of PAz (0.13), indicating insufficient alignment

Ar+ laser
(A =488 nm)

Linearly-polarizer
or A/4 plate

Detector
He-Ne laser
(A =633 nm) Polarizer (45°) Analyzer (-45° or 45°)
" aff cp
|——
{__=tan2(fr‘&?'d) ||.m-: :
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1, : transmittance (Polarizer (45%), Analyzer (-45°)) guih
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Figure 7. Schematic for birefringence measurement and the result of PAz.
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Figure 8. Plot of reflection wavelength change of SiO, inverse opal structure depending on solvents with various
refractive indices (a) and reflection spectra before and after infiltration of PAz (b).

due to huge surface energy in the pores of SiO,. In addition, reflection intensity decreased
and increased by small and larger refractive index differences between PAz (1.57 and 1.62)
and SiO, (1.45).

3. Conclusion

Optical properties of LCs represent the responsibility of external stimuli such as tempera-
ture, light, mechanical force, and electric and magnetic fields as well as chemical and electro-
chemical reactions, which are a driving force leading to dynamic change of materials from
molecular level to macroscopic level. Dynamic system of LCs makes it a quite advantageous
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Figure 9. Reflection spectra of Paz-infiltrated SiO, film with parallel and perpendicular LPL irradiation of Ar +laser and
plot of the wavelength of reflection peak [59].

approach toward bottom-up nanofabrication of photonic materials with novel tuning mecha-
nism. In addition, the responsiveness to various stimuli can attribute to fascinating tunability
of PBG, which provides numerous opportunities in all-optical integrated circuits and next-
generation communication system.
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