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1.1
Introduction

Three-dimensional (3D) laser structuring of materials is widely used in photopoly-
mer prototyping applications including micro-optical elements, parts of optically
actuated micromachines in microfluidics, scaffolds for cell growth, templates for
plasmonic and metamaterials, and photonic crystals (PhCs) [1-7]. The technique
originated from nonlinear microscopy, providing 3D confined recording inside
UV-sensitive polymers [8]. Now it is emerging as the most precise and true 3D
printing technology in both scientific and industrial fields [9—12]. In order to
achieve the resolution of structuring required for PhC structures operational at
the visible spectral range, the feature sizes of 3D structures should be smaller than
~100 nm in all cross sections. The surface quality has to be even higher in terms of
surface roughness, and in some applications the volume fraction of polymer has
to be only 30% in a 3D PhC, which are very demanding requirements [13—-15].
For this aim, the optical means of light beam delivery as well as the material’s
response should be precisely engineered to control the resolution, but without
compromising the fabrication throughput in cubic micrometers per hour (in three
dimensions) or square micrometers per hour(in two dimensions). The mask writ-
ing by electron-beam lithography (EBL) has a throughput of ~10°um?h~! for a
current 22-nm node in microelectronics [16].

The most popular materials in the case of 3D laser photopolymerization are
acrylate- and epoxy-based resins, which were developed decades ago before the
era of tabletop femtosecond lasers for one-photon stereolithography. The pho-
topolymers are photosensitized for the wavelength of an eximer laser emitting at
308 nm or the i-line of a Hg light source at 360 nm. The photosensitization and
initiation of nonlinear photopolymerization are fundamentally different from the
one-photon processes in the case of ultrashort laser pulses at longer wavelengths.
The excitation of the electronic subsystem occurs faster than the absorption of
energy into ionic subsystem proceeding via electron—ion equilibration, recombi-
nation, and thermal diffusion in the case of ultrashort sub-picosecond laser pulses.
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Since thermal processes are very efficient in chemical modifications of materials,
by tuning photoexcitation with controlled thermal activation, the processing of
materials is done by acquiring new functionalities when femtosecond laser pulses
with repetition rates of tens of megahertz are used [17—24].

In this chapter, we demonstrate how optical and thermal resist exposure proto-
cols at high scanning speeds can be used to ensure high resolution as well as a high
throughput of fabrication. Discussion is focused on 3D microfabrication using
two of the most popular resists, SU8 and SZ2080. We show that avalanche ioniza-
tion plays an important part in photopolymerization at tight focusing conditions
even though a seeding stage of bond-breaking and radical generation might occur
via a nonlinear two-photon absorption (TPA). The role of photoinitiators in the
achievable resolution in 3D structuring is revealed based on two-photon nonlin-
earities [25]. In resists photosensitized by TPA, there is a wider processing window
when 3D structures of high quality and fidelity can be prototyped. Thermal con-
trol of conditions at the focus are of paramount importance and are explicitly
discussed.

1.2
3D (Nano)polymerization: Linear Properties

As technology evolves, the increasing complexity of devices requires 3D packaging
in electronics, and now in fluidics, with integrated electrical, optical, and chemical
functionalities. Another trend is the reduction in size/volume with an increase in
the operational speed and detection sensitivity. These trends are leading modern
technology, currently still not achievable, to a molecular level of integration, pre-
cision, and 3D control that we find in nature: DNA code from nanoscale drives
the production of a 3D mass.

The analysis provided here is focused on the 3D resists SU8 and SZ2080 suit-
able for the fabrication of 3D nano/microstructures.) Figure 1.1 illustrates the
flexibility of usage for these resists, which can be spin-coated with a controlled
thickness or drop-cast on complex substrates such as black-Si [26] for mask pro-
jection and DLW exposure. This shows that resists that have properties compara-
ble to those of glass (a transparent dielectric) can be formed into a 3D shape in the
mesoscale spanning from 20 nm [27] to 1 mm reaching nanoscale precision when
required.

Polymerization is usually achieved by the addition of photoinitiators up to a
few weight percent (wt%) to absorb at the wavelength of exposure and to promote
polymerization, which occurs via opening of chemical bonds (formation of radi-
cals) and subsequent crosslinking. In SU8, each crosslinking involves the release
of molecules, which opens the bonds and promotes further polymerization in as
in a chain reaction. DLW with ultrashort laser pulses at 4, = 800 and 1030—1060

1) Here, “nano” addresses the targeted dimension but not limited to the exact level of spatial dimen-
sions.
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Figure 1.1 Popular 3D resists SU8 and ratio ~10. Laser writing was done with 1030
S72080 exposed to (a) mask projection and  nm/280 fs pulses with an objective lens of
(b) direct laser writing. The substrate is black- numerical aperture (NA) = 1.4. The resist was
Si needles with ~2.5 um length and aspect  spin-coated in (a) and drop-cast in (b).

nm is mostly used. At these wavelengths, TPA of photoinitiators which are opti-
mized for absorption at 4, = 308 nm (excimer) and 360 nm (i-line of Hg lamp) is
not efficient. For example, if a photoinitiator absorbs at 4, = 400 nm, then for the
most efficient TPA the excitation wavelength should be 4,/0.7 = 571 nm rather
than the usually considered 4,/0.5 = 800 nm [28]; hence, visible (rather near-IR)
wavelengths of ultrashort laser pulses are required for efficient TPA in most of the
popular photoresists and resins.

Apart from the TPA being the most efficient nonlinear process, thermal effects
have to be considered since DLW polymerization takes place under conditions
that are close to the dielectric breakdown of ~ 1 TW cm™2 per pulse at the focus.
The breakdown is an avalanche ionization-driven process with strong generation
of free carriers and localized heating as electrons couple energy to the ions over a
few picoseconds (already after sub-picosecond optical pulses).

1.2.1
Photocure and Thermal Cure of Photoresists

Stereolithography started the field of 3D printing with single-photon (direct)
absorption on the surface of a liquid resin [29]. Recent advances and the avail-
ability of high-quality microscopes and optics allow imaging microscale volumes,
and one can now deliver light energy (absorption) and effect 3D printing on
a (nano)microscale in a very similar manner as thermal extrusion of larger
(millimeter scale) 3D structures [30].
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Figure 1.2 Calorimetry measurement of heat exposure for Raman scattering detection.
exchange during polymerization of SZ2080 Peak 1 corresponds to the final drying of the
carried out simultaneously under Raman resist, and the exothermic peak 2 at ~140 °C
scattering detection [36]. Arrow represents is due to polymerization.

the thermal consequence of a single laser

Understanding light-matter interaction under tight focusing, high irradiance/
intensity, radiative and thermal energy transfer in sub-wavelength volumes, and
photochemistry will help create a technology that either defines high-resolution
fabrication, or is optimized for high throughput, or both at the same time. DLW
and photocuring of SU8 without any usual post-exposure annealing required for
chemical reactions of crosslinking were shown to deliver sub-wavelength resolu-
tion of 3D polymerization [31]. There is no disagreement that both direct heating
and thermal curing contribute to the polymerization, although, currently, the sig-
nificance of each is being debated [32-34].

Figure 1.2 shows that the sol—gel organic—inorganic SZ2080 resist [35] is poly-
merized at 140 °C; a sharp exothermic peak is followed by an endothermic region
that indicates the removal of water, which is a result of gelification [36]. Local
heating at the relatively low temperature (140°C) provides efficient polymeriza-
tion. How the optical energy is delivered and absorbed depends on the optical
properties of the focal region, which are discussed later. Scanning with a hot spot
is the method to write 3D polymerized structures.

1.2.2
Tight Light Focusing

Very tight focusing is used in DLW using oil-immersion objective lenses with
numerical apertures NA = nsina > 1, where n = 1.515 is the refractive index of
immersion oil at vis—IR wavelengths, and « is the half-angle of the focusing cone.
This is required for high-resolution fabrication. Modification of the material fol-
lows energy delivery (the optical penetration depth) or/and the thermal penetra-
tion depth. Both are determined by light delivery and material properties, which
change during excitation.
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Figure 1.3 Schematic presentation of tight linearly polarized (E-field) beam of NA = 1.4
focusing. (a) Focusing of a Gaussian beam lens without spherical aberrations. Calcu-
with NA = 1.4 (or « = 67.5° angle) inside lations were done using the scalar Debye

the resist. (b) Focal intensity distribution of theory.

Figure 1.3 shows tight focusing, which is widely used in 3D laser polymerization,
with objective lenses with numerical aperture NA = 1.2—1.4. Close matching of
indices allows avoiding spherical aberration, and light intensity is delivered to the
focal volume without strong distortions. Because of tight focusing, polarization
effects become pronounced; for example, the focal spot becomes slightly elon-
gated along the direction of linear polarization (Figure 1.3b).

Vectorial Debye’s theory predicts that focusing using a high numerical aperture
lens (NA > 0.7) breaks the cylindrical symmetry of the focal electric field dis-
tribution (assuming that input beam is linearly polarized along the x-direction)
and a corresponding elongation takes place with alteration of the E, and E,
(longitudinal) components [37]. The electric field at the focal point is expressed
as [38]

E(r,yv,2) = %l {[Ly + cosQy)L, ]i + sin (2y)L,j + 2i cos(y)I; k}, (1.1)

wherel, j, and k are the unit vectors in the x-, y-, and z-directions, respectively, and
the variables r, v, and z are the cylindrical coordinates of an observation point. The
integrals 1, I}, and I, are cumbersome to handle but can be straightforwardly cal-
culated by integration over the focusing angle 6 for a chosen apodization function
[37-39]. So, light is depolarized at the focal region with a preferentially elongated
focal spot along the direction of the linear polarization of light. Figure 1.3b shows
a numerical simulation for the sin-apodization function P(0) = 4/cos(6), where 6
is the focusing cone covering 0—a with NA = #nsin(a).

For a circularly polarized beam, scalar focusing is used to calculate the focal
volume [37, 38]:

E. (rw.,2)= % / P(9) sin(0)],(kr sin(§))e" =@ g, (1.2)
0

Figure 1.3b shows spherical-aberration-free focal intensity distribution calculated
by the scalar Debye expression with the terms accounting for Fresnel coefficients

7
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Figure 1.4 Dependence of the Fresnel the 67.5° angle for focusing with NA = 1.4

absorption coefficient Ap,=1-R;,on the  objective lens inside a material of refractive

angle of incidence for s- and p-polarizations, index 1.5. The dashed lines are for unpolar-
respectively, at different excitation levels (see ized and circularly polarized light.
Section 1.2.3 for details). The arrows mark

and the aberration function which depends on refractive index mismatch and focal
depth (Figure 1.4) (for details see Refs [40, 41]).

1.23
Optical Properties at High Excitation: From Solid to Plasma

The SZ2080 resist has a refractive index close to that of glass n + ik = 1.5 + 0i at
the laser fabrication wavelength 4 = 1030 nm. Fresnel reflection coefficients for
intensity are [42]?

_ (a(0) - cos(0))? + b(6)?

" (@(0) + cos(0))? + b(0)?’ (1.3)

Ry(0)

(a(0) — sin(0) tan(9))? + b(9)?

(a(6) + sin (0) tan(9))? + b(6)?’ (1.4)

R,(0) = Ry(0)

where

() = (\/(n2 K2 —sin ()2 + 4n2k2 + (n® — K* — sin (9)2)) . (15)

1
2

b(o) = % <\/(n2 K2 —sin (02) + 4n2k2 — (n® — k* — sin (9)2)) . (16)

2) The corrected expression are shown here, courtesy Prof. Andrei Rode.
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Figure 1.5 (a) Skin depth 6 = critical plasma density is N, (1) = 1.05 x 104!
¢/Qwlm(y/ep)) = A/(4xlm(/ep)) (for cm~3. (b) Real (Re) and imaginary (Im) parts
intensity) and reflection coefficient R = of refractive index calculated by formulae

(Re(y/Ep)=1)+Im(y/2p)*
(Re(\/Ep)+1)2+Im(y/ep)?

length at different plasma densities N,; the

for A = 1030 nm wave- 9iven in Section 1.2.3.

Dielectric permittivity of excited material can be considered as that of unexcited

€, with the Drude contribution [43]:
o

ep(d) =€, — m, (1.7)
where the plasma cyclic frequency o, = /N,e?/(me,) with the electron den-
sity N,; the electron charge and mass are, respectively, e, m; 7, = 1.6 fs is the
electron—ion impulse relaxation time similar to that of glass [44, 45]; ¢, is the
dielectric constant; c is the speed of light; and &, = n? — k? is the real part of
dielectric permittivity of the material under strong excitation and presence of
free carrier plasma, which is defined by refractive index n + ik.

Figure 1.5 shows the absorption skin depth, reflectivity, and refractive index
evolution of the resist, which is initially defined by n + ik = 1.5 + 0i for A = 1030
nm excitation wavelength at different free carrier concentrations (corresponding
to different excitation levels).

The above-mentioned formula allows us to retrieve the real and imaginary
parts of the dielectric function (refractive index) from the reflectivity transients in
pump-two-probes experiment. Backreflection has to be measured at two different
angles of incidence (two probe beams introduced at different radial positions at
the entrance of the pupil of the objective lens). Simultaneous reflectivity at two
angles is required to obtain both the real and imaginary parts of the dielectric
function. Such an experiment has never been accomplished and could bring out
the temporal evolution of the material parameters as they change upon excitation
(Figure 1.5). Pump—probe imaging of the interaction regions is challenging
to obtain down to spatial resolution comparable with the wavelength, as was
attempted in glasses [44, 46—48].
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1.24
Heat Accumulation

The temperature diffusion for 3D localized energy deposition is considered next,
assuming a Gaussian laser beam intensity distribution at the focal spot of diame-
ter dg:

=1 -
=1y €xXp <—2W> 5 (18)

where I, is the amplitude, and the intensity is I, /e? at the point of r = d;/2.

During irradiation with an ultrashort laser pulse, electrons can be heated
to temperatures up to 7, = 1000K, which is close to the dielectric break-
down conditions ~1 TWcm™. From Wien’s law, the maximum emission
according to the black body radiation law is at 4., =2.9x 10° nmK; hence
Aax(1000 K) = 2.9 pm. This falls in the absorption band of most of organic
compounds including photoresists. The thermodynamic limit of radiative
energy transfer efficiency for the emission of hot electrons at 7, = 1000 K
with absorbers at T, = 300 K (cold atoms at room temperature) would have
n=01-TT} ~99.2% [49]. Such a process could cause reduction in res-
olution if absorption is taking place outside the focal volume. In usual laser
fabrication, super-resolution (sub-diffraction-sized features) is achieved, indicat-
ing that radiative processes are not efficient for increasing absorbed energy in the
focal region.

The focal spot diameter (at 1/¢?) is equal tod; = 1.224/NA =~ 900 nm, assuming
Gaussian intensity profile for simplicity. The actual distribution of the temperature
increase due to a 1-fs pulse depends on the absorption energy. Considering the
case of linear absorption valid for free carrier absorption at the high-irradiance
condition results in the temperature profile closely following the spatial distribu-
tion of the the excitation (Eq. 1.8), hence [50]

)
T =T, €XP —8; , (1.9)
f

where T, . is the temperature maximum at the center of the irradiation spot.

Solution of a 3D heat diffusion equation of spherical symmetry can be found from

oT 0*T 20T
—=D|—=+=, 1.10
ot (()rz * rz)r) (1.10)

where D is the temperature diffusion coefficient, ¢ is the time, and

dz 302 87’2
T(rt) =T | —— | exp| ——m0u— |, 1.11
-0 a<ﬁ+wm> I’ﬁ+nm (D

for the initial temperature deposition given by Eq. (1.9). Between consecutive
pulses, the temperature elevation from a previous pulse at the center decreases
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by a factor

3/2
1
“= (m) | (12

rep™f

It is to be noted that the exponent 3/2 is pertinent for the 3D heat diffusion and
defines the temperature decrease at the center while the size of heated region is
spreading as r « £/ due to an isotropic (or 1D) heat diffusion [51]. After # pulses,
the contribution of a single pulse is decreased by a factor

3/2
a=(—1 (1.13)
" 1+ 32nDR:} d-2 ' '

rep%¢

The total accumulated temperature reaches the maximum at the end of the last
pulse of the N pulse train:

N-1
Ty=T,-) a, (1.14)
n=0

where T is the temperature jump after the first pulse. In general, a,, # a” and only
if 32R;), < t,, where the cooling time ¢, = d7 /D, a,, ~ a®. Estimating the temper-
ature accumulation for the above-mentioned Parameters, one gets N = N, =
1.8x10% D = 107%cm®s™!, d = 900 nm, and R, = 2 X 10° s~". The summation
results in Ty, = 1.037;. This can be a negligibly small value for the studied case.
On the contrary, for a common femtosecond oscillator operating at the 82 MHz
regime, the heat accumulation factor can reach a value of F = 42. Thus, employ-
ing amplified laser systems and oscillators covers two different heat accumulation
estimations, yielding a the resultant temperature increase by more than an order
of magnitude difference. Furthermore, at tight focusing, the beam of the complex
shape is absorbed, resulting in complex cooling evolution in time. In other words,
in the classical case of material ablation from the surface, it is just a thin layer
of a relatively large area that is heated, but when absorption and the heated vol-
ume are elongated along the beam in a cylindrical shape (voxel) distribution, the
1D cooling and 3D cooling become the two limiting cases of the real temperature
evolutions at the focus. There is scope for further theoretical studies matching the
exact case of applied experimental conditions.

In actual 3D laser fabrication at tight focusing, the 3D temperature diffusivity
after a point-like energy deposition is affected by the 3D spot cross sections, which
are polarization- and focusing-dependent. At tight focusing, the vectorial Debye
theory (Section 1.2.2) has to be used to estimate two lateral cross sections of ellip-
soidal focal spot; one would find W) = 481 nm and W, = 332 nm for long and
short cross sections, respectively, calculated for the full width at half-maximum
(FWHM), which is smaller than the cross section at the 1/¢* level by a factor
2y/In 2 = 1.665 (for Gaussian).

Thermal accumulation effects account for the laser-ablated volume using
picosecond and femtosecond pulses semiquantitatively [51]. Here, we adopt
the same treatment as for polymerization. The dwell time of each pulse at

11
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the focal spot of diameter d; equals t4, = d;/V,,, =9 ms for a scan speed
v, =100 pms~. Thus, the number of pulses per spot at the repetition rate of
the typically used industrial fabrication laser Pharos (Light Conversion Ltd.)
R, =2x10° pulsess™ is equal to Ny, = t4, X R, = 1.8 X 10° pulses. The
heat diffusion coefficient for a cold resist is similar to that of silica, Dyq = 1073
cm?s™! [45, 52]. Thus, the cooling time for the heated area, £y, = d7/D, has to
be compared with the time gap between subsequent pulses arriving at 5 ps. The
heat transfer to the surrounding cold material between the pulses results in the
average temperature drop at the arrival of the next pulse, and the temperature
accumulation can be explicitly calculated for the N pulses as [51]

1—aVN

Ty=T1+a+a*+..+a")=T, (1.15)

l1-a’

L

where a =
tu+1/R

; as a — 1, the temperature accumulation becomes larger.

ep
Assuming a temperature jump 7, = constant, for one pulse regardless of polar-
ization heat accumulation is Ty ~ 4.67T; with a = 0.786. For SZ2080, it means
that if one pulse can increase the local temperature by AT, = 140°/4.67 = 30°C,
this would be sufficient for thermal polymerization during continuous scan
(Figures 1.2 and 1.6) solely due to thermal accumulation. Figure 1.6 shows how
temperature accumulation is affected at different laser repetition rates. The
main factor causing accumulation is the low temperature diffusivity of the resist.
Industrial-scale fabrication is carried out at ~200 kHz repetition rate; after the
first 15 pulses, thermal conditions become stable (Figure 1.6). For a repetition

~10

©

| 4

z Frequency, kHz

= E 1

P | —10

ha ——100

I 1 ———200

w

55 - 500

©

S 4

c

o 4

kS

=} m

IS

3

8 7

<o
1 10 20 30 40

Number of pulses N

Figure 1.6 Visualization of temperature accu- temperature diffusion coefficient D = 1073
mulation after N laser pulses Ty, = T; X F,

e em?s~ha= /- t{"R (see Section 1.2.4).
where the factor F = T (Eg. 1.15) at differ- ) j” [Brep )
ent repetition rates (or the number of pulses 1€ Gaussian Ch"‘?e‘j pulse marker depicts
per focal spot of diameter d; = 0.9 um) at a T, temperature jump due to one (first)

a fixed scan speed v, = 100 um and for pulse.
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rate of R,,, = 82 MHz (typical for a femtosecond oscillator), F ~ 1300 at the same
conditions as those estimated in Figure 2.4. This shows how efficient the thermal
polymerization can be at multi-megahertz repetition rates.

The maximum temperature jump due to a single pulse can be estimated from

the absorbed energy as for the ablation studies [53]:

) APp
T = s 1.16
! lsCLna ( )

where A is the Fresnel absorption coefficient (Section 1.2.3); F, = E,/S is the
fluence per pulse energy E, over a surface area S; [, = ¢/(wk) = ¢ is the absorp-
tion depth, which is the skin depth in plasma at high excitation (Section 1.2.3);
n, = pN, /M is the atomic density of the material with mass density p and molar
mass M; N, is the Avogadro number; and C; [J/K] is the lattice specific heat.

1.3
3D (Nano)polymerization: Nonlinear Properties

The most probable optically nonlinear effects occurring at the lowest irradiance/
intensity are TPA and refraction change via the Kerr effect. The direct measure-
ments of these nonlinear parameters are carried out by the Z-scan method [54]
using ultrashort laser pulses; for example, the best fit of an open aperture Z-scan
data for the Gaussian spatial distribution of a laser pulse provides a measure of
the TPA cross section. It is noteworthy that Z-scan measurements at intensi-
ties approaching ~1 TW cm~2 become invalid due to strong Raman scattering.
Other methods such as transmission measurements and photoluminescence usu-
ally overestimate the actual TPA cross section [55, 56]. The intensity-dependent
TPA coefficient f and nonlinear refractive index #, have been measured for many
crystalline and amorphous materials [25, 57]. The same characteristic dependen-
cies are also valid for molecular solutions of the highly efficient TPA absorber
MBAPB [58], which is similar to the photoinitiators used in resists [59, 60]. Optical
nonlinearities of dyes and photoinitiators measured by femtosecond Z-scan cor-
roborated the expected spectral dependencies established in the case of inorganic
solid-state materials [55, 56]. Based on these premises, wavelength of excitation
for the most efficient TPA was determined for 3D polymerization of $Z2080 with
different photoinitiators [28], whiich is discussed later.

1.3.1
Strongest Optical Nonlinearities

The nonlinear refractive coefficient n, (n = n, + n,I) is given by Boyd [25, 57]

hc, /Ep

24
nOEg

n,[ecm? /W] =K Gy(ha/E,), (1.17)

13
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Figure 1.7 Functional dependencies of the G, and F,, respectively [25]. The bandgap
TPA coefficient g and the nonlinear refractive energy is Eg (corresponding to the direct
index n, on the normalized photon energy  absorption), hv is the photon energy at the
determined by the polynomial functions irradiation wavelength.

where E, = 21 eV is an empirical constant and G, is the universal function plot-
ted in Figure 1.7. The nonlinear TPA coefficient f(a = a, + pI) is given by Boyd

[25, 57]
VE

plem/W] = I(ﬁFz(Zhw/Eg), (1.18)

078

where F, is the function plotted in Figure 1.7. The functions G and F are
defined by the following polynomial expressions: G,(x) = (2 + 6x — 3x% — 1% —
3xt /4 — 3x° /4 + 2(1 — 2x)%/?0(1 — 2x))/(64x*), where the Heaviside function
O(y) =0 for y < 0 and O(y) = 1 for y > 0; F,(2x) = (2x — 1)*/2/(2x) for 2x > 1.
Figure 1.7 shows the functional dependencies for f and n,. The abscissa value
x =1 corresponds to the one-photon (or fundamental) absorption when the
photon energy is equal to the bandgap E,. For our analysis, we use the wavelength
corresponding to the absorption maximum, A%, as the wavelength of the most
efficient 3D structuring [28]. This wavelength defines the central wavelength of
overlap between the absorption and emission spectra of the photoinitiator or the
resist matrix.

Justification of this wavelength choice for x = 1 condition was tested on Z-scan
data of the dye MBAPB [60]. The A7%* = 470 nm was considered corresponding to
x = 1, while the strongest TPA was at 680—710 nm, which is close to the expected
location of the most efficient TPA [25, 57] (see Figure 1.7) at 671 nm (the x = 0.7
condition).

In terms of 3D laser structuring, the spectral dependence of the functions G and
F would suggest that the irradiation wavelength for the most efficient photoinitia-
tion of absorption should be carefully chosen. The optimal case for two-photon
structuring is at a photon energy of 0.7E;, when § is the largest and n, is the
smallest. One can also recognize an expected tendency; that is, closer to the fun-
damental absorption x = 1, the #, values become negative, as would be expected,
because of free carrier absorption. Free carriers cause defocusing and alter light
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beam delivery to the focus. Free carrier effects are accounted for by including
Drude contribution to the dielectric permittivity, as discussed in Section 1.2.3. In
terms of linear optical properties, the presence of free carriers increases absorp-
tion (imaginary part of refractive index in not 0) and reduces the light penetration
depth, both of which contribute to light localization and absorption at the focus.

1.3.2
Avalanche Versus Multiphoton Excitation

The rates of multiphoton absorption and avalanche multiplication of electrons are
estimated for the polymerization at pre-breakdown conditions in photoresists.
The number density of electrons 7, created at the end of the pulse by avalanche
and multiphoton processes can be obtained from a rate equation [53, 61]:

dn,
— =nw,__ +nw (1.19)

dt e’ imp a’ mpi’
where n, denotes the molecular density, that is, available electron donors, which
provide free electrons and free radicals by photocleavage of the chemical bonds in
the resist. If the laser exposure intensity is constant during the laser pulse (corre-
sponding to a flat-top intensity distribution in the time domain), and the recombi-
nation during the pulse is negligible, then the solution of Eq. (1.19) with the initial
condition n,(¢f =0)= n,, and w,,, and w,,,; is straightforward [51]:

nawmpi

n, A t) = {”eo + [1 — exp (—wimpt)] } exp(Wippt). (1.20)

imp
It is commonly accepted that breakdown of a dielectric occurs when the plasma
frequency of excited electrons equals the frequency oflaser light [52]. For example,
the critical electron density—the breakdown threshold—for 800 nm wavelength
or w = 2.35x 10 s7! frequency is n, = m"w; =1.735x 102 cm™3.

Free electrons oscillate in the electromag?letic field of the laser pulse. These elec-
trons gain a net energy by multiple electron—lattice/atom collisions and eventually
can be accelerated to reach the excess energy of the ionization potential /;. Ener-
getic electrons create an avalanche, which has the estimated ionization rate as
follows [62]:

2
€ 20Ve_on
Wimp N 2 — ’ (121)
]i (Ve—ph + (02)

where v, _;, and o are the electron—phonon momentum exchange rate and laser
frequency, respectively. Based on the electron—phonon momentum exchange
rate, the rate of collisions at the breakdown can be estimated as Ve_ph = 6x 104
157! [62]. The oscillation energy of the electron in a scalar form reads [62]

_ 2 ! 2
EOSC[EV] = (1 +a )93 (W) j’p.m’ (122)
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from which, for 1 TW cm™2 linearly polarized (a = 0) irradiance at 800 nm wave-
length, we get ... = 30meV and twice that value for circularly polarized (a = 1)
light.

The multiphoton ionization rate, the probability of ionization per atom per
second, can be calculated according to [62]

w o~ S " (1.23)
mpi ph 211 ’ .

where 7., is the integer part of (/;/hw + 1) and defines the number of photons
required for ionization [63]. The electron production rates via nonlinear TPA
and avalanche can be estimated for the typical experimental conditions of 3D
polymerization. This analysis is valid only for an order-of-magnitude estimation;
however, it is insightful to determine the dominant mechanism of ionization,
bond-breaking, radical generation, and, hence, crosslinking.

The light intensity threshold of dielectric breakdown in the case of single-pulse
irradiation of SZ2080 with Irg.2wt/% by 150 fs pulses at 800 nm is ~ 8.6 TW cm ™2
(6 nJ per pulse at tight focusing). This intensity is comparable to the ionization
threshold for the dielectrics [64].

The multiphoton and impact ionization (avalanche) rates, w,,, ; and w;, ., respec-
tively, are calculated from the formulas given earlier. The wavelength of direct
excitation is A% ~ 390 nm for SZ2080 with Irg [28], corresponding to the poten-
tial J;[eV] = 1.24/A[pm] ~ 3.18 eV, at which free carriers are created. These free
carriers undergo avalanche multiplication. The dielectric breakdown at which the
avalanche becomes a dominant mechanism of excitation was observed at the pulse
energy E, = 6 nJ; the corresponding intensity = 8.6 TW cm™?, Wpnpi = 0.81 THz,
and w;,, = 91.1 THz. The avalanche generation of electrons is more efficient than
the multiphoton process, which might be required when the electrons seeding the
avalanche cannot be provided by defects and Urbach states. However, there are
always defects in glasses and polymers, which provide seeding electrons by one-
photon absorption, and hence for photopolymers this is expected to be the major
electron seeding mechanism.

The typical pulse energy used for recording high-resolution 3D PhC structures
with 800 nm/150 fs pulses in SUS8 resist [13, 65-67] was ~ 1 nJ or I, = 1.4
TW cm™2 and Wppi = 0.0035 THz with w;,, = 14.8 THz; for 3D structuring of
S$Z2080, conditions were very similar for same focusing. The avalanche is even
more dominant at lower pulse energies. When the pulse energy is considerably
higher than the breakdown threshold, the multiphoton rate catches up with the
avalanche and material experiences the breakdown at a very early stage of the
laser pulse. The rest of pulse interacts with plasma and creates micro-explosion.
Table 1.1 shows the comparison of laser fabrication windows with another
popular longer wavelength 1030 nm, where many femtosecond fiber lasers are
also available. Very narrow spread of pulse energies is available for the fabrication
of 3D structures in undoped SZ2080 resist, almost limited by the laser stability.
The window is much wider in the resist with a photoinitiator. However, the
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Table 1.1 Qualitative comparison [28] of different laser structuring regimes for 1030
nm/300 fs pulses in SZ2080 with different photoinitiators Irg and Bis (1wt%); focusing
NA = 1.4; and scanning speed 100 pms~'.

Condition at focus SZ2080 SZ2080+Irg S$Z2080+Bis

Polymerization threshold,

nJ (TWcm™2) 14 (12.5) 5 (4.5) 4(3.6)
Structuring (middle of

the range), nJ (TW cm™2) 16 (14.4) 7 (6.3) 5 (4.5)
Explosion threshold,

nJ (TWcm™2) 17 (15.2) 12 (10.8) 12 (10.8)
Uncontrolled burning,

nJ (TWcm™2) 18 (16.1) 18 (16.1) 17 (15.2)

achievable resolution becomes worse in the case of photoinitiator-doped resist
due to stronger absorption, avalanche, and heating at the focus [28].

14
Discussion

Light delivery into micrometer-sized focal spots is also possible with dry objective
lenses still maintaining a high N A = 0.9 focusing. This allows higher scan speeds
since there is no oil immersion, which makes the fabrication less practical. Speeds
of 10 cm min~! (1.7 mm s~!) on large-scale industrial laser welding lines are easily
exceeded for the fabrication on the microscale due to small inertia of the work-
piece. Mechanical constraints of fabrication speed are defined by the mass and
acceleration of stages at high velocity of scan and direction changes. With the
use of light-weight scanning mirrors combined with #-lenses that maintain the
same focal plane height when a beam is scanned, in combination with a collinear
stage scan, is a promising direction for fabrication approaching 1 m s™! linear scan
speeds and is practical for fabrication over larger areas. This makes even raster
scan a productive approach in 3D additive manufacturing on the resolution
throughput scaling [16].

Relying on linear and thermal absorption rather than optically nonlinear
energy delivery DLW becomes appealing for new applications. As is shown here,
thermal accumulation at high laser repetition rate and fast scan can precisely
control thermal conditions and heat accumulation at the focus inside the resists.
Heat localization in photoresists, glasses, and polymers is facilitated by low-
temperature conductivity, while precise energy delivery via light absorption can
be tailored using pulse duration and spectral or spatial chirp of ultrashort laser
pulses. Reaching temperatures of modification (polymerization, glass transition,
etc.) that are in the range of 150—250 °C and localized on scale of few microme-
ters inside polymers is a promising fabrication tool. When photoinitiators are not
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Figure 1.8 Micro-optical elements made definition with 75 nm hatching with subse-
out of $Z2080 by DLW with 1030 nm/300 quent homogenizing exposure after devel-
fs pulses without surface post-processing. opment (total time 9 min per lens). (c) Array

(a,b) Single 0.1-mm-diameter lenses for light of 5x 5 lenses made by surface definition at
extraction from blue GaN-based LEDs were 0.25 mm/s with internal raster exposure at
polymerized on the backside of the sap- 5 mm/s (array formation time 37 min).

phire substrate at 0.2 mm/s using a surface

used inside photopolymers such as silicones popular in biomedical applications,
a wider range of applications can be opened. Feasibility to tailor thermal curing
that is launched by avalanche ionization of undoped pure silicone for its 3D
structuring has been demonstrated [68].

Figure 1.8 shows an example of microfabrication that produces micro-optical
elements in a single processing step. In the field of micro-optical devices, DLW
can be used to make lenses, prisms, gratings, and their hybrids with surface
quality, which does not require any post-processing and can be incorporated into
microfluidic chips and fabricated on waveguides [69].

1.5
Conclusions and Outlook

Analysis of the light delivery at tight focusing and thermal accumulation presented
here shows the importance of avalanche ionization and thermal processes in 3D
polymerization by DLW employing high-repetition, femtosecond pulses. By pre-
cisely adjusting the temperature at the focal region at a high speed > 1 mm s~}
scanning, high-resolution patterns can be fabricated over areas useful for micro-
optical and microfluidic research and practical applications. The proposed nanos-
tructuring approach is not only limited to cross-linkable polymers (resins) but
can also be further implemented for pure optical printing of glasses, metals, or
even viable proteins [70—73]. It extends dramatically emerging fabrication accu-
racy of 3D printing by three orders to the realm of nanoscale, offering unmatched,
rapid prototyping and additive manufacturing possibilities. Lastly, tightly focused
femtosecond pulses enable tunable light — matter interaction level at ultralocalized
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dimensions. By varying the exposure conditions, one can achieve control in the
fourth dimension based on mechanical shape memory [74] or degree of chemical
modification [75], thus “unlocking” the possibility of 4D additive manufacturing.
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