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Abstract: Three-dimensional (3D) micro/nano-structuring of photo-resists
is systematically studied at the close-to-dielectric-breakdown irradiance.
It is demonstrated that avalanche absorption is playing a major part in
free electron generation and chemical bond breaking at these conditions.
The steps of photo-initiation and chemical bond breaking in propagation
of polymerization are atered as compared with photo-polymerization at
low-irradiance and one-photon stereo-lithography. The avalanche dominates
radical generation and promotion of polymerization at tight focusing and a
high ~TW/cm? irradiance. The rates of electron generation by two-photon
absorption and avalanche are calculated for the experimental conditions.
Simulation results are corroborated by 3D polymerization in three resists
with different photo-initiators at two different wavelengths and pulse
durations. The smallest feature sizes of 3D polymerized logpile structures
are consistent with spectral dependencies of the two photon nonlinearities.
Implications of these findings for achieving sub-100 nm resolution in 3D
structuring of photo-polymers are presented.
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1. Introduction

Three-dimensional (3D) laser structuring of materialsiswidely used in photopolymer prototyp-
ing applications encompassing fields of photonic crystals (PhCs), micro-optical elements, parts
of optically actuated micro-machines in microfluidics, scaffolds for cell growth, templates for
plasmonic and meta-materials [1-5]. In order to achieve resolution of structuring required for
PhCs operational at visible spectral range and for plasmonic applications, the feature sizes of
3D structures should become smaller or comparable with ~100 nm in all cross sections. For
this aim optical means of light beam delivery as well as material response should be precisely
engineered [6-8]. In the case of 3D direct laser write both of these directions of a resolution
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improvement are in their initial stages of development if we compare with sophistication of
phase masks and materials used in planar semiconductor lithography [9].

The most popular materials in 3D laser photo-polymerization are acrylate and epoxy based
resins and resists developed for one-photon stereolithography decades ago before the era of
tabletop femtosecond lasers. Those photo-polymers are photo-sensitized for wavelength of
eximer laser at 308 nm or i-line of Hg-lamp at 365 nm. Photo-sensitization and initiation of
polymerization by an one-photon absorption is fundamentally different by its nature from a
nonlinear photo-polymerization in the case of ultra-short laser pulses at longer wavelengths.
Excitation of electronic subsystem occurs faster than an uptake of energy into ionic subsystem
when ultra-short (sub-1 ps) laser pulses are used with subsequent el ectron-ion equilibration, re-
combination, and thermal diffusion. Thisenergy relaxation facilitates chemical modifications of
materials via combined thermal and photo-chemical pathways and can be well-controlled when
fs-laser pulses with tens-of-megahertz repetition rate are used [10-16]. Better understanding
of the photo-physical and chemical mechanisms of polymerization is still required [17-19] via
quantitative measurements of nonlinear response of resists [20, 21]. Such studies would allow
to optimize photo-polymers by tailoring their composition and chemica enhancement for the
required resolution or sensitivity in 3D structuring applications.

Here, we demonstrate how a choice of photo-initiator and its concentration defines the
achievable 3D resolution in direct laser writing by femtosecond laser pulses. It is shown that
avalanche ionization plays an important part in photo-polymerization at tight focusing condi-
tions even though a seeding stage of bond breaking and radical generation occurs via a hon-
linear two-photon absorption (TPA). Resolution of 3D structuring at different formulations of
photo-polymersfollowed prediction of two-photon nonlinearities[22], i.e., when TPA becomes
stronger resolution worsens due to an enhanced polymerization rate. However, in the TPA
photo-sensitized resists there is a wider processing window where high-quality and fidelity
3D structures can be prototyped.

2. Samples and methods

We use a hybrid sol-gel based resist SZ2080 [23] for photo-polymerization by direct laser writ-
ing. Thisresist consists of 20% of zirconia and 80% of polymer forming methacryloxypropy-
Itrimethoxysilane (MAPTMS, Polysciences Inc.) and methacrylic acid (MAA, Sigma-Aldrich)
both having photo-polymerizable methacrylate moieties [24] with different photoinitiators
Irgacure 369 (2-Benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1) and Michler's
ketone (4,4’ -bis(dimethylamino)benzophenone); referred to as Irg. and Bis., respectively. De-
tailed description of resist preparation is given in ref. [24]. Samples were prepared by drop-
casting over acover glasswith subsequent annealing at 100°C for 1-2 h without a post-exposure
bake.

The molecular density, which is used for estimation of bond breaking and radical generation
can be calculated as ny = pNa/M, where N, is the Avogadro number. It is difficult to estimate
the molar mass of the resist, M, due to complex chemica modifications and evaporation of re-
action products and solvents. For an order of magnitude estimation, let us consider amount
of precursors: MAPTMS Myaptms =~ 248 g/mol, MAA Myaa =~ 86 g/mol, and zirconium
npropoxide Zr(OPr),4 zirconia, Mzpo = 328 g/mal, at ratio 1:1:4, hence, Mgzo0s0 =~ 234 g/mal;
the mass density of resist used for calculations is assumed p ~ 1.2 g/cmq, typical for different
photo-polymers. It is noteworthy that the precision in determination of n, value was not criti-
cal for simulations and mechanisms discussed in Sec. 3.2; the actual value of ny only slightly
changes the moment of the breakdown at high irradiance during the laser pulse.

The photoluminescence excitation (PLE) spectra of the prepared films with and without pho-
toinitiators are shown in Fig. 1 along with a typical cover glass substrate response. The influ-
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ence of PL from the substrate for polymerization was negligible. After the laser structuring, the
sample was developed in tetrahydrofuran or 4-methyl-2- pentanone and rinsed in isopropanol.
3D patterns recorded in the resist were analyzed by scanning electron microscopy (SEM) to
determine feature size and integrity of 3D structures.

The 3D direct laser writing was carried out by tightly focused femtosecond (fs-)laser pulses
at low 1 kHz repetition rate in order to avoid thermal accumulation. We used two differ-
ent fs-lasers to compare fabrication at different wavelengths. The first fs-light source was a
Ti:Sapphire laser Spitfire (Spectra Physics). The typical pulse energy for photo-polymerization
at the dielectric breakdown conditions was ~ 5 nJ at the focal spot. An objective lens of numer-
ical aperture NA = 1.42 was used to focus incoming laser pulses into a spot of approximately
2w = 1.22) /NA diameter; the central laser wavelength was A = 800 nm. The pulse duration
was optimized by pre-chirping and was approximately 150 fs at the focus. An overlap between
neighboring pulses was 50-100 nm required for recovery of 3D structures after development.
It is noteworthy that the threshold for dielectric breakdown is 2.4+ 0.2 nJ judged by a contrast
change at the focal spot after one pulseirradiation, while the typical range of pulse energy used
for 3D photonic crystal (PhC) fabrication is from 1.2 to 2.0 nJ when a weak or none of the
optical contrast can be detected by an in situ observation during laser structuring.

The second fs-light source was a Yb:KGW solid-state laser Pharos (Light Conversion) op-
erating at 1030 nm wavelength and delivering 300 fs pulses. The numerical aperture of an
objective lens SPlanApo was NA = 1.4 and 100 nm spatia overlap of neighboring pulses (the
corresponding scan speed is 100 um/s). A spherical aberration due to refractive index mis-
match between immersion oil (n = 1.515) and cover glass substrate is negligible and the depth
of recording was just 10-20 um to have aberration-free structuring conditions inside resists.
The cross section of the focal volume has an axia extent larger than the lateral and depends
on the NA value of the focusing optics. The ratio axial /lateral was approximately 2.5-3.2 for
the NA = 1.3 — 1.4 focusing. A typical feature size of polymerized structures closely follows
this ratio as observed in the first photo-polymerized spirals [10] and logpile photonic crys-
tals[12, 13, 25] in compliance with aberration and self-focusing free photo-polymerization.

We estimate the intensity considering the Gaussian spatial distribution at the focus I (r) =

2Eo/to) exp(—2r2 /w?) for pulse energy E,, and duration tp. The equivalent intensity amplitude,

w2
lo= % at the same average power can be approximated by a top-hat pulse of the radius
Wrn = v/2w/2 [26].

The dielectric breakdown threshold is defined by an ionization level corresponding to the
critical plasmadensity, nc, which is dependent on the wavel ength of irradiation. The breakdown
is conveniently recognized by visible spectrally broad plasma emission from the focal volume
during laser structuring.

3. Theory
3.1. Roaleof nonlinear absorption and refraction

The most probable optically nonlinear effects occurring at the lowest irradiance/intensity arethe
two-photon absorption and refractive index changes via Kerr effect. The direct measurements
of these nonlinear parameters are carried out by a Z-scan method [27] using ultra-short laser
pulses, e.g., 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. Other methods such as trans-
mission measurements and photol uminescence are usually overestimating the actual TPA cross
section [28,29]. The intensity dependent TPA coefficient, 3, and nonlinear refractive index, np,
has been measured for many crystalline and amorphous materials [22, 30]. The same charac-
teristic dependencies are also valid for molecular solutions of a highly efficient TPA absorber
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Fig. 1. The photoluminescence excitation (PLE) spectra of the pure resist SZ2080
(@), uncoated cover glass, resist with 2 wt% of Irgacure 369 (Irg.) and 4,4 -
bi s(diethylaminobenzo phenone) (Bis.) in (c) and (d), respectively. The wavelength of PLE
maximum, AJ72%, corresponds to the most efficient in-bulk energy delivery required for the
3D structuring of chosen resists. Artifacts due to different orders of diffraction appear as
slanted lines on the PLE maps; 0™M-order diffraction is marked in (b).

MBAPB [31] which issimilar to photo-initiators used in resists [32, 33]. Optical nonlinearities
of dyes and photo-initiators measured by fs Z-scan corroborated the expected spectral depen-
dencies established in the case of inorganic solid-state materials[28].

The nonlinear refractive coefficient, ny (n = np+ Nyl ) isgiven by [22,30]:

nolon? W) = K SV ER G, o ) &

2n2 ES

where Ep, = 21 €V, isan empirical constant, and G; is the universal function plotted in Fig. 2.
The nonlinear TPA absorption coefficient, B (o = ap + B1) isgiven by [22,30]:

BlemW] — K VP, (210 /Ey) @

2r3
nOEg

where F, is the universal function plotted in Fig. 2. The G and F functions are defined by
the following polynomia expressions: Gy(x) = (2+6x — 3x2 —x3 — 3x*/4 — 3x%/4+2(1—

#125161 - $15.00 USD Received 8 Mar 2010; revised 2 Apr 2010; accepted 5 Apr 2010; published 30 Apr 2010
(C) 2010 OSA 10 May 2010/ Vol. 18, No. 10 / OPTICS EXPRESS 10214



—n, (n=ny+n,l)

— B (a=oy+pl)
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0.000
0 =
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Fig. 2. Functional dependencies of the TPA coefficient, 3, and nonlinear refractive index,
n, on the normalized photon energy determined by the polynomial functions G, and F,
respectively [22].

2x)%/20(1 — 2x))/(64x*), here the Heaviside function ©(y) = 0 for y < 0 and ©(y) = 1 for
y > 0; F2(2x) = (2x—1)%/2/(2x)® for 2x > 1. Fig. 2 shows the functional dependencies for 8
and and ny. The abscise value x = 1 corresponds to the one-photon (or fundamental) absorption
when photon energy is equal to the bandgap Eg. For our anaysis, we use the corresponding
A (Fig. 1) as the wavelength of the most efficient 3D structuring, i.e., it is strongly ab-
sorbed and, at the same time, the autofluorescence is strong. At this wavelength light can be
in-bulk delivered and, if not absorbed, emission is reabsorbed promoting 3D polymerization.
Thiswavelength defines the central wavel ength of overlap between the absorption and emission
spectra. For justification of a such wavelength choice corresponding to the x = 1 condition, we
tested the following procedure on MBAPB dye [33]. In case of MBAPB, the peak of PLE is
A2 = 470 nm and is considered corresponding to the bandgap wavelength (or x = 1) whilethe
strongest TPA has a plateau region at 680-710 nm. Thisis close to the expected location of the
most efficient TPA [22, 30] (see, Fig. 2) at the 671 nm (x = 0.7) in MBAPB. Hence, the choice
of peak PLE at AJ2* for the photo-sensitizer is following expected spectral dependencies of
two-photon nonlinearities (Egs. (1)-(2)).

It may appear counter intuitive that at the half of the bandgap energy x = 0.5 the TPA is not
taking place (Fig. 2) [22]. Moreover, photons of half of bandgap energy experience the largest
Ny, hence, self-focusing. However, this is consistent with a white light continuum generation
which isrelated to the nonlinear refraction and is the most efficient when the photon energy of
driving radiation is smaller than the half of bandgap.

In terms of 3D laser structuring the spectral dependence of the G and F functions would
hint that a choice of irradiation wavelength for the most efficient photo-initiation of absorption
is to be carefully chosen. The most optimal case for two-photon structuring is at the photon
energy of 0.7Eg when f is the largest and n, is small. One can also recognize an expected
tendency that closer to the fundamental absorption (x = 1) the n, values become negative as it
would be expected due to free carrier absorption. Free carriers cause defocusing and alterslight
beam delivery to the focus. When linear absorption is present along with the nonlinear one, the
refractive index changes per free electron, the dispersion volume, should be taken into account
as well as the free carrier absorption. The procedures are well established by approaches in
semiconductor physics. In solid state nomenclature, when band-to-band transitions are taking
place simultaneously with the virtual ones (at hw < Eg as discussed above) the overall refractive
index change can be described by [22]:

An = 2l +ne_pNc, ©)

#125161 - $15.00 USD Received 8 Mar 2010; revised 2 Apr 2010; accepted 5 Apr 2010; published 30 Apr 2010
(C) 2010 OSA 10 May 2010/ Vol. 18, No. 10 / OPTICS EXPRESS 10215



where N; is the electron density in conduction band and ne_p, is the “dispersion volume” [34]
[ecm3] or the change of the refractive index per one electron-hole pair, which can be estimated
asNg p= W where m*, e are the effective electron mass and charge, respectively, and
N is the unperturbed refractive index.

3.2. Rates of multi-photon and avalanche (impact) ionization

The rates of multi-photon absorption and avalanche multiplication of electrons are estimated
for the tight focusing and at the pre-breakdown conditions in photoresists. The number density
of electrons ne created to the end of the pulse together by avalanche and multi-photon processes
can be obtained from arate equation [35]:

dne

dt
where n, denotes the molecular density, i.e., available electron donors after photo-cleavage of
bonds (see, Sec. 2). If the laser intensity is constant during the laser pul se (corresponding to the
top-hat intensity distribution) and when recombination during the pulse is negligible, asolution
of Eq. (4) with theinitial condition ne(t =0)= Ney and Wimp and Wy is straightforward [35]:

= NeWimp + NaWmpi , 4

(1 20) = { o+ "5 1 cxp( it )]} exp (it ©
Wimp

It is commonly accepted that breakdown of a dielectric occurs when the plasma frequency of

excited electrons equals to the frequency of laser light [36]. The critical electron density, the

breakdown threshold, for 800 nm wavelength (@ = 2.35x 10 s 1) isng = 784 = 1.735 x

102 cm~3.

Free electrons will oscillate in the electromagnetic field of the laser pulse. These electron
can gain net energy by multiple electron-lattice/atom collisions and eventually be accel erated to
reach the energy in excess of the ionization potential J;. Energetic electrons create an avalanche
which has the ionization rate estimated as follows [37]:

_Eox  20°Ve ph
Wimp = ——

in (vg—ph+w2) ’

here ve_pn, and w are electron-phonon momentum exchange rate and laser frequency, respec-
tively. Electron-phonon momentum exchange rate, the rate of collisions at the breakdown can
be estimated as Ve_ph = 6 x 10* 1/s[37]. The oscillation energy of electron in a scaling form
reads [37]:

(6)

|
foxc[€V] =93 ———— | A2, 7
oxc[eV] ( o W /sz]) i )
which for 1 TW/cm? irradiance at 800 nm wavelength, yields eosc = 30 meV and istwice larger
for acircularly polarized light.

The multi-photon ionization rate, a probability of ionization per atom per second, can be

calculated according to [37]: ]
3/2 [ € ph
Wimpi & wnp{] (20;) : 8
where nyh istheinteger part of (Jj/hw + 1) and defines the number of photons required for ion-

ization [38]. The electron production rates via nonlinear two-photon absorption and avalanche
will be estimated for the experimental conditions in the next section. This analysis is only
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Fig. 3. SEM images of the first () and second (b) layer of 3D photo-polymerized
logpile structures in SZ2080 resist with 2wt.% Irg. Polymerization was carried out by
800 nm/150 fs pulses of 5.2 nJ (at focal spot) focused by an objective lens of NA = 1.42
at the corresponding maximum intensity lo = 18.7 TW/cm?. (c) Spiral recorded at 2 nJ or
lo = 7.2 TW/cm?. Scale bars, 1 um.

valid as an order of magnitude estimate, however, it is insightful to determine the dominat-
ing mechanism of ionization, bond breaking, radical generation, and, hence, cross-linking and
chain-polymerization.

4., Results

4.1. Photo-polymerization by dielectric breakdown at 800 nm

Light intensity threshold of dielectric breskdown in the case of single-pulse irradiation of
SZ2080 with Irg. 2wt% by 150 fs pulses at 800 nm is ~ 8.6 TW/cm? (2.4 nJ per pulse at tight
focusing). Thisintensity is comparable with the ionization threshold for the dielectrics [39].

The 3D laser structuring at the irradiance level of 5.2 nJ per pulse (approximately twice
the dielectric breakdown threshold) was used for recording logpile patterns by 800 nm/150 fs
pulses. Figure 3 shows close up views of the first and second layers of the logpile structure.
A mid-split feature is recognizable in the first layer on the cover glass. The second layer of
logpile structure is formed from hollow tubes rather than filled logs since laser irradiation was
focused almost as in the bulk of resist. Both of these observations are consistent with dielectric
breakdown and micro-explosion scenario. lonization of material was high at the center of focal
spot. It should be noted that self-focusing threshold of 1 - 3 MW per pulse typica in plas-
tics and dielectrics has not been exceeded in these experiments (a pulse power was 0.2 MW).
Hence, energy delivery to the focus was not perturbed by fillamentation. We can use simple
estimations for the focal spot size given in Sec. 2. One can find that the irradiance per pulse
was ~ 10 TW/cm?. Thisis atypical irradiance for tight focusing at which the breakdown was
observed in rubber- and glass-type polymers[40].

Figure 3(c) shows micro-explosion sites at the close-to-breakdown conditions. The needle-
like protrusions on the surface of the 3D structure recorded at close to the dielectric breakdown
threshold of 2 nJ are recognizable. Since pulses had slight power fluctuations such modifica-
tions occurred randomly. At the dielectric breakdown, the avalanche ionization becomes domi-
nant in free electron generation and it isalinear processin termsof intensity [36]. These needle-
like structures as well as hollow logsin polymerized structures are related to the avalanche and
breakdown.

We calculate the multi-photon and impact ionization (avalanche) rates, Wimpi, Wimp, respec-
tively, by formulas given in section Sec. 3.2. We consider the wavelength of absorption at PLE
maximum (see, AJ2¢ in Fig. 1) A2 ~ 390 nm (Irg. panel (c)) corresponding to the ioniza-
tion potential Ji[eV] = 1.24/A[um] ~ 3.18 €V. At the pulse energy equal to the breakdown
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Ep = 2.4 nJ (at focus), the maximum intensity was 8.6 TW/cm? and Wmpi = 0.81 THz and
Wimp = 91.1 THz. Hence, the avalanche generation of electrons is considerably more effi-
cient than the multi-photon process though required for seeding the avalanche. The threshold
pulse energy used for recording of 3D PhC structures was ~ 0.4 nJ or Ig = 1.4 TW/cm? and
Wmpi = 0.0035 THz and Wimp = 14.8 THz. The avalanche is even more dominant at the lower
pulse energies. When the pulse energy is considerably higher than the breakdown threshold, the
multi-photon rate catch up with the avalanche in electron generation and material experience
breakdown on a very early stage of the laser pulse, atypica behavior in dielectrics [36]. The
rest of pulse interacts with plasma and creates micro-explosion (see, Fig. 3). In all discussed
3D fs-laser fabrication conditions at tight focusing, the avalanche production of electrons via
bond breaking is a dominant mechanism in radical generation which defines the rate of poly-
merization.

4.2. Photo-polymerization at 1030 nm

Figure 1 shows the PLE spectra of SZ2080 with different photo-sensitizers used in this study.
In contrast to the SU8, where the auto-fluorescence is recognizable at wavelengths A2 <
320 nm [41], the PLE pesk is observed at A% ~ 340 nm in a pure SZ2080 resist and at
390 and 520 nm in case of SZ2080 with Irg. and Bis. sensitizers, respectively (Fig. 1). For
two-photon structuring at 800 nm wavel ength the optimized resist is expected to have the A2
peak corresponding to the absorption wavelength of 1.24/(0.7 x 3.1[eV]) = 571 nm; for the
1030 nm laser irradiation the strongest TPA would occur around 736 nm (Fig. 2).

We used the 1030 nm wavelength, and a high ~ 1 — 10 TW/cm? irradiance to record 3D
logpile structures. The Wimpi and wimp rates slightly changes from those discussed above for
800 nm case, however, the condition Wimp > Wmpi is even stronger fulfilled since the quiver
energy of light-driven electrons scales as gyg; o< 42 (Eqn. 7).

Figure 4 shows the threshold resolutions achievable in 3D logpile recording in different re-
sists. The smallest achievable width of 3D logpile structures are plotted in such away (Fig. 4)
that resists with different sensitization (A J2) structured at different wavelength 4; can be com-
pared with qualitative predictions of the two-photon absorption and refraction (the right axis).
In order to recover fabricate 3D logpile structures in the case of al three different resists the
concentration of photo-sensitizers was reduced to 1wt.%. In such case, the structures recorded
in resists with photosensitizer were at the breakdown threshold similar to the one shown in
Fig. 3(c), while in pure SZ2080 the very same condition corresponded to almost the threshold
of 3D structuring (see, SEM insetsin Fig. 4).

As resist gets more optimized for laser structuring by TPA (closer to x = 0.7), the feature
sizes become larger. Thisis consistent with the analysis presented above: as seeding electrons
are produced more efficiently and at the considerably higher avalanche rates as compared to
multi-photon, the ionization becomes stronger facilitating polymerization via bond cleavage
and thermal accumulation. A recognizable trend is that as A2 increases or/and A decreases
the smallest feature size increases even when TPA B — O at x < 0.5. The smallest feature sizes
can be obtained in a non-sensitized resist.

A qualitative comparison of fs-laser structuring regimes at 1030 nm/300 fs is given in Ta-
ble 1 for 3D logpile structures in terms of pulse energy and irradiance at focus for the tight
focusing with a NA = 1.4 objective lens. A narrow window of photo-structuring exist in the
non-sensitized resist, however, the smallest feature sizes can be obtained in this case. Laser
structuring of a more TPA sensitive material (x — 0.5) results in larger feature sizes which
are also more sensitive to laser power fluctuations and are prone to an uncontrolled spread of
polymerization reducing resolution (e.g., seetheinset (3) in Fig. 4).
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Fig. 4. The smallest width of aphoto-polymerized log vstheratio A%/ 4, where the 172

is the absorption maximum of the PLE (see, Fig. 1) and 4} nm is the laser wavelength:

1030 nm (1-3) and 800 nm (4,5). Right axis shows functional behavior of two-photon
absorption, 3, and refraction, ny, (see, Fig. 2). Inset SEM images (1-3) show structures
made at the same focusing conditions corresponding to: 13 TW/cm? at focus lg = %
for pulse duration of 300 fs, wavelength 1030 nm, pulse energy E, = 14.5 nJ) in SZ2080
pure (1) and doped with 1 wt.% of Irg.(2) and Bis. (3), respectively. The markers (4,5)
corresponds to SZ2080 with 2 wt.% of Irg. and SU-8, respectively, structured with 800 nm,
150 fs pulses focused by NA = 1.42 objective lens and are shown here for comparison [42].

5. Discussion: photo-polymerization mechanisms at tight focusing and high irradiance

In practical use of photo-polymerization the quality of 3D structure, its resolution, mechanical
and optical properties are the most important. By setting different pulse energies and scanning
speeds the required window of photo-polymer processing is empirically found. Even a direct
(i.e., one-photon) absorption can be used to obtain 3D micro-structures when tight focusing
is employed [43,44]. Let us discuss why so different resists and resins optimized for the one-
photon absorption at the UV wavelengths still can be used for the 3D laser structuring at 800 and
1030 nm wavelengths using fs-laser sources. At those wavelengths TPA is usually negligible
(Fig. 2).

Among important factors of the 3D laser structuring are laser repetition rate and overlap
between laser pulses. The cooling time of the focal region can be estimated as the t; = d?/D,
whered isdiameter at focus approximately equal to the wavelength of irradiation at thetight fo-
cusing considered here; D ~ 10~3 cm?/sisatypical thermal diffusion constant in polymers[45].
Thisyieldsin cooling time of ~ 10uswhich ismuch longer than 12 ns between adjacent pulses
inthe case of 80 MHz repetition rate of fs-oscillators. Hence, the 3D laser structuring by oscilla-
tor irradiation is very different in terms of mechanism from that at few kHz repetition rate when
the focal spot has time to cool down [46]. Here, we discuss a low repetition rate fabrication,
which isthe simplest case and was used in this study.

For the considered here case of the pre-breakdown and breakdown polymerization, the mech-
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Table 1. Qualitative comparison of different laser structuring regimes for 1030 nm/300 fs
pulses in SZ2080 at different photo-sensitization; focusing NA = 1.4 and scanning speed

100 um/s.
Condition at focus, nJ (TW/cm?): | SZ2080 SZ2080 + Irg.1wt% | SZ2080 + Bis.1wt%
Polymerization threshold 14 (12.5) | 5(4.5) 4(3.6)
Quiality structuring (middleof the | 16 (14.4) | 7 (6.3) 5(4.5)
range)
Explosion threshold (polymer- | 17 (15.2) | 12 (10.8) 12 (10.8)
ized structure is recoverable)
Uncontrolled burning (no struc- | 18 (16.1) | 18 (16.1) 17 (15.2)
ture)

anism of electron generation, i.e., chemical bond breaking changes the effective photo-initiation
pathways and the bond cleavage required for generation of radicals and cations can proceed di-
rectly viaionization of the host (in addition to the standard pathway via photo-initiator absorp-
tion and chemical bond opening). It has been established that unless pulse duration is less than
approximately 10 fs, the avalanche (an impact ionization) is an efficient process fueled by multi-
photon ionization [36]. Thisis confirmed here for the photo-polymers by the presented analysis
(Sec. 4). It isaso noteworthy that a standard role of photo-initiator (or apair of photo-sensitizer
with initiator) in providing free radicals (or cations) becomes different for a high-irradiance fs-
pulse exposure. Once photo-initiator absorbed a photon and an electron in an excited state can
undergo avalanche in a quasi-continuum of excited states and promote bond breaking, hence,
polymerization. In astrongly ionized photo-polymer the avalanche is expected to be a prevalent
mechanism in chemical bond cleavage as demonstrated by this order-of-magnitude estimation
in Sec. 4. The avalanche usually proceeds with heating of the focal region since the kinetic
energy of electron should exceed that of the bandgap by up to 50% in the case of fs-laser pulses
in order to comply with energy and momentum conservation of the avalanche process[38].

It is noteworthy, that heat generated by exothermal photo-polymerization reaction is yet an-
other factor enhancing polymerization. Since thermal polymerization of photo-polymers occurs
at approximately 150°C, thermal accumulation can be used for a controlled hesting of the focal
volume providing arequired control over 3D structuring [19]. Since polymerization and cross-
linking depends exponentially on temperature this can provide an efficient method for 3D laser
structuring of photo-polymers.

Thethreshold in 3D laser structuring appears as aresult of cross-linking asit defines solubil-
ity of the resist during development and elastic properties of the final structure [47]. When
a photo-polymerized structure is allowed to shrink freely in space during drying, the final
size depends on the pulse energy exponentially [48]. Cross linking is temperature dependent
and follows the Arrhenius mechanism, hence, the thermal effects are very efficient in photo-
polymerization. In the case of tight focusing, the strong light intensity gradients create strongly
localized thermal fields. Hence, a 3D structuring of resins and resists is possible even at the
wavelengths close to the direct absorption band as was demonstrated by 355 nm 20 ps pulses
inthe acrylic resins [44].

The discussed mechanisms of electronic excitation (Sec. 4) are generic in dielectrics and
semiconductors. Similar interplay between multi-photon and avalanche ionization takes place
in the case of waveguide and microfluidic channel recording in glasses and crystals [49-55].
The electron generation rate can be estimated by the proposed approach and related to the
processing window for the best performance of recorded structures.

Experimental data and presented analysis would suggest the following strategy for improve-
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ment of resolution of 3D laser structuring. Shorter wavel engths of irradiation should be avoided,
despite better focusing, due to more efficient seeding of electrons which ignites avalanche and
polymerized structures have larger feature size (see, inset (3) in Fig. 4). Better resolution can
be achieved by using photo-polymers with shorter PLE maxima, using longer wavelength of ir-
radiation, having more pure and crystalline-like materials (with lesser probability of electronic
excitation from Urbach states typical for amorphous materials). The described strategy corre-
sponds to the x — 0 condition which shows improvement in resolution (Fig. 4). However, at
the longer wavelengths larger intensity should be used (Table 1) and the photo-polymerization
has narrower processing window. Hence, acritical point drying equipment is required to avoid
capillary collapse [56] of tiny polymerized structures during the final steps of wet processing.
A settleinterplay between the linear and nonlinear mechanisms of electronic excitation can be
estimated for the known absorption of material at the excitation wavelength and irradiance fol -
lowing formulae given in Sec. 3.2. In most of conditions of practical interest at tight focusing
of 30-300 fs duration pulses, the rate of electron generation by avalanche is larger than that by
two (and multi) photon absorption.

6. Conclusions

The mechanisms of 3D polymerization are analyzed viarate equations of linear and non-linear
electron generation in photo-polymers. The analysis demonstrated that avalanche rate of elec-
tron generation (hence, a chemical bond cleavage) is larger than that caused by nonlinear ab-
sorption at the typical 3D structuring of photo-polymers. These predictions are well supported
by experimental evidence of 3D structuring of sol-gel resists with different photo-sensitization.
The nonlinear absorption acts as a seeding mechanism for electronic excitation. The presented
analysis can explain earlier results of 3D polymerization in very different resins and resists
processed at different wavelengths and pul se durations.

Experiments of 3D photo-polymerizationis carried out in sol-gel resist by femtosecond laser
pulses at tight focusing and at (pre-)breakdown conditions when avalanche is prevalent. The
observed structural changes supports numerical simulations of avalanche and micro-explosion
scenario at high irradiance.

The highest resolution of 3D structures has been experimentally achieved in a non photo-
sensitized resist, however, the widest processing window is observed in photo-sensitized resists.
The presented analysis hel psto select the best wavel ength for 3D structuring of photo-polymers.
When fs-pulses at high irradiance are used, the avalanche ionization plays an important role in
chemical bond breaking and promotes polymerization. By better understanding of the photo-
physical and photo-chemical processes we can create new resist and resin materials where true
nano-structuring with sub-100 nm resolution in all three dimensions can be achieved.
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