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In Situ Diagnostics and Role of Light-Induced Forces in

Metal Laser Nanoprinting

Liang Yang, Aso Rahimzadegan, Vincent Hahn, Eva Blasco, Carsten Rockstuhl,

and Martin Wegener*

Compared to 3D laser nanoprinting of polymers, the mechanisms in laser
nanoprinting of metals are rather poorly understood. For the example of
platinum investigated here, the printing process starts with the formation of
metal nanoparticles by photo-reduction of metal salts in aqueous solution in a
diffraction-limited laser focus. To investigate the printing process in situ, a
weak continuous-wave probe laser is co-focused in addition to the focused
femtosecond printing laser. The light of the probe laser is backscattered off
the emerging metal structures, and recorded with a temporal resolution of 1
ps. It is found that the formed metal nanoparticles are quickly ejected from
the focus on a timescale of some 10 ps. Once a nanoparticle randomly
adheres to the substrate surface, it serves as a seed from which structures can
be built-up. The following nanoparticles are sintered onto that seed to form a
metallic voxel on a timescale of some 10 ms. By polarization-dependent
experiments and full-wave optical simulations, it is shown that light-induced
forces onto the nanoparticles play a significant role. The improved
understanding of the microscopic processes in metal nanoprinting is a
prerequisite for further process optimizations and applications, for example in

terms of printed optoelectronics.

1. Introduction

Multi-photon 3D laser micro- and nanoprinting of polymers!'?!
has become a commercially available and routine research tool in
optics,3?! mechanics,!*®! biology,*!%) and micro-robotics,[!*]

and is starting to enter the industrial mar-
ket. Even multi-material multi-photon
3D printing is emerging.[1*18] However,
it is fair to say that multi-photon 2D or
3D printing of metals, which has many
potential applications in electronics and
optoelectronics, falls behind in terms of
structure quality and printing speed.[*>2]

Previous experiments include the
noble metals gold,[2?1  silver, 28]
platinum,[“*#1l and  palladium.[*04243]

For platinum, especially high-quality
planar sub-micrometer structures have
been realized,!*’! exhibiting electrical
conductivities close to the bulk value.

While one might suspect that the
mechanisms at work in the printing of
polymers and metals share similarities, it
has become increasingly evident that the
mechanisms are indeed different.[*~*®]
Previously, optical in situ diagnostics
of the polymerization process in 3D
multi-photon printing of polymers has
significantly helped to understand the
underlying microscopic processes and timescales.[*>>°l However,
such experiments are yet missing for the multi-photon laser
nanoprinting of metals.

Earlier work has discussed the dynamics of the reduction
of gold nanoparticles in solution based on a transient grat-
ing approach,®!l and the formation of millimeter-sized objects
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from silver nanoparticles based on X-ray probing,®?! both for
single-photon absorption in vast volume. Here, we present time-
resolved in situ diagnostics experiments for multi-photon laser
printing of platinum. These experiments are based on the time-
resolved backscattered light of a weak continuous-wave probe
laser that is co-focused with the femtosecond writing laser. The
temporal resolution for measuring the backscattered light is cho-
sen below the critical one to track the dynamics of the metal
nanoparticle formation. In addition, we find that the printed
structures show a remarkable dependence on the polarization
of the writing laser. This dependence indicates the importance
of optical forces in the assembly process of the nanoparticles.
Therefore, we perform supporting full-wave optical simulations
to quantify these forces for individual platinum nanoparticles
and pairs of nearby platinum nanoparticles under the conditions
of our experiments. The dynamics triggered by these forces pro-
vides further understanding of the writing process.

2. Experimental Results

To detect the metal reduction process in small volumes and on
the timescale of microseconds or less, a separate continuous-
wave (cw) probe laser at 675 nm wavelength is introduced into
a multi-photon metal reduction printing system. This printing
system builds on a mode-locked femtosecond (fs) laser oscilla-
tor (Chameleon, Coherent) emitting at a center wavelength of
780 nm (Figure 1a). The fs laser and the probe laser are combined
by a dichroic mirror and focused onto the interface between a
silanized glass substrate and the ink (see methods and materi-
als section). A photodiode with a bandwidth of 5.5 MHz detects
the backscattered probe light. A small contribution to this signal
stems from the light reflected by the refractive index difference
between the glass substrate and the ink. It is visible in all the data
that we present here. A more interesting contribution stems from
platinum nanoparticles or printed platinum dots or lines. The
backscattered signal is normalized to the reflection signal that we
obtain by moving a large-footprint gold film with a thickness of
120 nm into the focus (see inset in Figure 1a). Taken the refractive
index of cover glass and gold as 1.517 and 0.108 + 4.051,53] we cal-
culate the reflectance from the glass—gold interface to be 96.54%.
Via this normalization, we obtain a dimensionless and physically
meaningful reflectance signal. By definition, this signal lies in
the interval [0%, 100%)]. This gold coating is only used in the ref-
erence experiment, and it is not used in the in situ experiments
during laser printing. We record in parallel the trigger signal go-
ing to the writing laser. An oscilloscope records both signals. The
sampling time is set to one microsecond, which is sufficiently fast
to resolve all transients reported below. The rising edge of the
writing laser envelope serves as the trigger signal for the oscillo-
scope recording. To eliminate possible crosstalk from the writing
laser to the photodiode for the probe laser signal, a 675 nm band-
pass filter (Chroma Technology) is placed immediately in front
of the photodiode. To probe the region of the writing laser fo-
cus with the probe laser, the two foci are carefully co-aligned to
the same position in the three-dimensional space (Figure 1b). In
these measurements, we scan a 150 nm diameter platinum bead
through the focus and record the backscattered light. We deter-
mine a full width at half maximum (FWHM) focus diameter of
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Figure 1. Experimental method and measured writing and probe laser
foci. a) A mode-locked femtosecond laser oscillator emitting at a center
wavelength of 780 nm is used as the writing laser. A separate continuous-
wave laser at 675 nm wavelength is introduced as a probe laser. Writing
laser and probe laser are combined by a dichroic mirror and focused onto
the interface of a silanized glass substrate and the ink. A photodiode is
used to detect the backscattered probe light. The excitation signal sent to
the writing laser and the detected signal are collected with an oscilloscope.
A band-pass filter around 675 nm wavelength is placed in front of the pho-
todiode to eliminate possible crosstalk from the fs laser. Inset: the glass
substrate is partially coated with a 120 nm gold layer (not to scale, the
gold layer is actually far away from the laser focus). The reflectance from
the glass—gold interface is measured experimentally and calculated to be
96.54%. All the backscattered signals in laser writing experiments are nor-
malized based on the results from the glass—gold interface. b) Measured
foci of the writing and the probe laser, respectively. Cuts are shown for
the xy-, the xz-, and the yz-plane. The data for the two foci are shown in
the same coordinate system. This allows to assess how well the two laser
foci are aligned with respect to each other. In the xy-plane, we determine a
FWHM of 400 and 350 nm for the writing laser and the probe laser focus
from these data, respectively.
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400 and 350 nm for the writing laser and the probe laser, respec-
tively.

To explore the metal reduction process, we start with point-
exposure experiments. The sample is static, and the focus of the
writing laser as well as of the probe laser are fixed to the glass-ink
interface. The sampling of the photodiode signal starts at time
—200 ms and lasts until time 1600 ms, which is the upper bound
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Figure 2. Monitored curves and spikes. a) shows an example of a regular trace of the detected signal. After hundreds of milliseconds incubation period,
the reflectance signal steeply rises and then increases further over a longer time span until eventually a plateau is reached. t14q and tqq, correspond to
the time that the signal reaches 10% and 90% of its maximum. b) shows an example of an irregular trace of the detected signal, in which a set of sharp
temporal spikes is observed before the rise leading to the plateau. The insets of (a,b) are scanning electron micrographs of written platinum particles
corresponding to the same events. The scale bars are 500 nm. b—d) are the resolved patterns of spikes S1, S2, S3, and S4, respectively after zoom-in. In
(d), the rise time, t,;s., and the fall time, t, |, are defined. For these experiments, the laser power has been 40% P,,.

up to which we trace the dynamics of the processes. As pointed
out above, the oscilloscope sampling rate is 1 us~'. It implies that
1.8 million data points are sampled in each point-exposure exper-
iment. Typical measured curves are shown in Figure 2a,b. From
—200 to —100 ms, both the writing laser and the probe laser are
off. At —100 ms, the probe laser is switched on with a power of
12 uW, and a small probe signal is indeed visible in the data. As
pointed out above, this signal stems from the reflection of the
probe laser off the glass-ink interface. At time 0 ms, the writing
laser is switched on, and the laser-induced reduction can start in
the writing laser focus. After a certain “incubation period”, the
detected signal rapidly increases, followed by a plateau, which
can reach reflectance values as large as 28%. We will later assign
these signals to backscattering from platinum nanoparticles and
printed platinum structures, respectively.

Several control experiments are performed to rule out other
sources of the increased signal measured from the photodiode.
First, to rule out the effect of laser reduction by the probe laser
itself, the probe laser is switched on for 900 s (15 min) while the
writing laser is completely switched off. No increase of the de-
tected signal is observed (Figure S1, Supporting Information).
This observation is expected because the power of the probe laser
is two orders of magnitude lower than that of the writing laser.
Second, experiments with the writing laser switched on and the
probe laser completely switched off are additionally performed.
Again, no detectable signal is found. The latter control experi-
ment rules out that the photodiode signal is, e.g., due to thermal
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(Planck) radiation generated by the writing laser heating the fo-
cal region, e.g., by absorption of light from the writing laser (Fig-
ure S2, Supporting Information). To avoid misunderstandings,
we emphasize that we do not claim that heating plays no role.
We only state that thermal radiation from the focal region does
not contribute to the discussed probe signal.

Two examples of measured traces are shown in Figure 2a,b.
Panel a shows a regular behavior whereas that in panel b is some-
what irregular. Both have in common that the reflectance signal
rises only hundreds of milliseconds after the writing laser has
been switched on. We refer to this time delay as the incubation
period. In Figure 2a, the reflectance signal steeply rises at around
400 ms and then increases further over a longer period until even-
tually a plateau is reached. The behavior in Figure 2b is different.
Here, we observe a set of sharp temporal spikes before the rise
leading to the plateau. These spikes appear at random moments
in time and exhibit differently curved shapes. To further inves-
tigate these spikes, we zoom into these regions in Figure 2c—f.
Typically, the spikes have a rise time on the orders of some ten
milliseconds. Beyond that, it is difficult to unambiguously define
time constants or time scales for such irregular behaviors. In an
attempt to further quantify the behavior, we define the rise time,
tie> as illustrated in Figure 2d. Here, the rise is relatively well
behaved, which cannot be said about the much more irregular
behaviors found in Figure 2¢,e,f. All of these traces have in com-
mon that the reflectance signal, after some complex rise, exhibits
a sharp drop toward small reflectance values. We emphasize that
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none of these signatures is due to measurement noise. Remark-
ably, the sharp drop occurs on a much shorter timescale than the
rise. We define the fall time g, as illustrated in Figure 2d. The
fall times are in the range of tens of microseconds, nearly three
orders of magnitude shorter than the rise times. After a spike has
passed, the signal reaches a low steady level. After that, a further
peak may occur or we observe the aforementioned continuous
increase toward a plateau (Figure 2a,b). We will come back to the
interpretation of these findings in the discussion section. How-
ever, it is already fairly evident from the raw data that something
sudden must happen to the platinum nanoparticles at the points
of rapid reflectance signal drop.

Figure 2a,b has already shown a rather different behavior—
although both have been taken under nominally identical condi-
tions. To further illustrate the spread in the observable temporal
dynamics, we summarize the signals from 200 point-exposure
experiments with the same experimental parameters in Figure 2
as in Video S1 in the Supporting Information. From these raw
data it is obvious that the start of the platinum laser printing has
a pronounced random component.

It is interesting to correlate the discussed in situ reflectance
signal data with the images of the corresponding printed plat-
inum objects. We emphasize that these electron micrographs,
shown as insets in Figure 2, correspond to the same events.
For example, Figure 2a exhibits a platinum particle with spher-
ical geometry and with a smooth surface. The corresponding re-
flectance signal versus time is smooth and does not exhibit any
of the aforementioned sharp spikes. In contrast, whenever spikes
are observed in the reflectance signal versus time, such as, for ex-
ample, in Figure 2b, the corresponding resulting platinum parti-
cles are very rough and show irregular protrusions on top of the
primary particles.

Apart from the irregular spikes in the in situ reflectance sig-
nal, the main observations so far are the finite incubation time
and the finite rise time. These observations correlate positively
with observations that we and others have made previously in the
writing of platinum structures without in situ diagnostics.[*>54]
When, e.g., writing a line, we always had to wait at the start-
ing point for a while to obtain a line that starts at the starting
point. This waiting time depends on the laser power. Moreover,
when writing lines, the scan speed could not exceed a particular
value. Otherwise, the lines showed interruptions. It is suggestive
to connect this speed limitation with the finite rise time discussed
above. If the time between two successive point exposures in a
line is comparable to or even shorter than the rise time, the two
points are no longer connected. This interpretation is confirmed
by experiments in which we print metal lines at different focus
velocities (see Figure S3, Supporting Information).

Therefore, itis interesting to further investigate the incubation
time and the rise time by analyzing the data statistically. For that
purpose, we repeat experiments like the ones shown in Figure 2
for 100 times and analyze the incubation time t,,, and the char-
acteristic rise time tyy, — ;0. AS these times are also expected to
depend on the laser power, we systematically vary the laser power.
We define P, = 3.5 mW as the reference power and relate all other
powers to this value. Corresponding results are summarized in
Figure 3a,b. For each power, we have analyzed at least 100 raw
data sets.

Laser Photonics Rev. 2022, 2100411 2100411 (4 of 13)

www.lpr-journal.org

In Figure 3a, when increasing the laser power from 30% to
70% of the reference power, the mean incubation times decrease
from around 390 to 200 ms. This decrease is expected as larger
laser powers correspond to larger rates and larger yield of pho-
toreduction, leading to a more rapid generation of platinum
nanoparticles. In addition, for low powers approaching 30% rela-
tive power, the relative widths of the distributions are larger than
for large powers. This behavior is also expected because 30% is
close to the minimum threshold, below which no platinum par-
ticles are generated at all.

The mean rise times, tyy, — t;o4, analyzed in Figure 3b show
little if any dependence on the laser power. The mean rise times
are roughly constant at around 600 ms. Only the widths of the
rise-time distributions increase with laser power increasing from
relative 30% to 70%. This finding indicates some increased level
of randomness at larger powers. We will come back to the inter-
pretation of these findings in the discussion part.

Above, we have already pointed to the connection of these rise
times and the maximum possible focus scanning speed. The lat-
ter can be crudely estimated by taking the typical focus diameter
and dividing it by the rise time. We obtain values on the order
of 1 um s1. Clearly, taking only a fraction of the rise time leads
to somewhat larger estimated maximum focus speeds approach-
ing 10 um s™'. Such values in the range 1-10 um s™' are con-
sistent with the maximum focus scanning speeds reported in a
large number of publications by different groups.[21:2426.28-30.3640]

In Figure 3c,d, we statistically analyze the rise and fall times,
ti. and tg,, associated with the sharp spikes discussed before
(Figure 2b). The mean rise time is about 20 ms, whereas the
mean fall time is around 40 ps. Notably, the mean fall time is
nearly three orders of magnitude shorter than the mean rise
time. The rise time in the spikes is more than one order of mag-
nitude smaller than the ty,—t,,, times of around 600 ms dis-
cussed above. This suggests that different mechanisms underly-
ing these different time constants are at work. Both, rise and fall
times, show little if any significant dependence on the relative
laser power.

So far, we have exclusively discussed experiments correspond-
ing to point exposures. We now turn our attention to the laser
writing of platinum lines and corners. Results are shown in Fig-
ure 4a,b, respectively. In all of these experiments, the laser focus
stays still at the starting point for 560 ms (first vertical dashed
lines in Figure 4a,b) and is then moved over a distance of 10 um at
a focus speed of 10 um s~'. The used laser power is 40%P,. In the
line scanning in Figure 4a, we again find small spikes before the
rise of the reflectance signal at around 500 ms. During the writ-
ing of the line, the reflectance signal fluctuates. We emphasize
once again that these fluctuations are not due to noise from the
measurement but are rather fluctuations due to the printing pro-
cess itself. For the corner writing in Figure 4D, the start is roughly
similar, apart from the usual fluctuations. When turning to write
along the orthogonal direction, which starts at the second ver-
tical dashed line, the reflectance signal drops significantly. The
reflectance signal stays at this low level. We emphasize that we
actually scan the sample with respect to the fixed laser focus, such
that the two laser foci, the writing laser and the probe laser, stay
aligned to each other. We can therefore rule out that the signal
drop at the corner is an experimental artifact.
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Figure 3. Statistical analysis of the measured in situ signals. a) Point-exposure experiments are conducted for different laser powers, ranging from 30%

Py to 70% Py. For each power, the incubation period is analyzed by t,q¢ from 100 raw data sets. b) The characteristic rise time tqyq,

the same way as 1. ) The rise time, t,.., and d) the fall time, t,|, of spikes are also statistically analyzed for each laser power.
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Figure 4. Monitoring the process of line writing and corner writing. a) The laser focus stays still at the starting point for 560 ms (first dash line). Thereafter,
the laser focus scans for a distance of 10 um with a speed of 10 um s~ and laser power of 40% P,. The writing process lasts for 1's. b) Different from
line writing, in corner writing experiments, the writing direction turns to the orthogonal direction at a position of 5 um (the second vertical dashed line).
The reflectance signal drops significantly at the turning point and stays at a low level until the end of writing. The laser scanning directions are illustrated
in the insets, and the laser polarization directions are marked by the red double-arrows.

At first sight, the signal drop seems to violate the symmetry
of the problem as the x- and y-direction appear to be equivalent.
However, they are not equivalent because the polarization of the
writing laser breaks the symmetry. The double arrows indicate
the writing laser polarization in Figure 4a,b. This difference in
reflectance signal for the two orthogonal directions suggests that
the morphology of the printed lines is different for lines parallel
and perpendicular to the writing laser polarization, respectively.

Laser Photonics Rev. 2022, 2100411 2100411 (5 of 13)

To further investigate this unexpected finding, we have
inspected lines for different laser polarizations by electron
microscopy. Results are shown in Figure 5. In panels a—c, we
find stripes on the platinum lines which correlate positively
with the orientation of the linear laser polarization, which is
schematically shown in the left column. To ensure that no
other symmetry breaking mechanism is at work, we also laser
write and inspect corners and lines that are written along the
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Figure 5. Scanning electron micrographs of platinum patterns written using a fs laser for different polarizations. a—c) are platinum patterns from
horizontal, vertical, and 45° linear polarization (see red double-arrows on the left). To make sure that no other symmetry breaking mechanism is at
work, corners (third column) and lines written along the diagonals (fourth column) are inspected. Stripes on the platinum lines correlate positively with
the orientation of the linear laser polarization. d) is a platinum pattern written with circular polarization. Different from stripes for linear polarization,

arc-like strokes are observed. For these experiments, the laser power has been 28% P, and the scan speed 1 um s™'.

diagonals. The correlation between the stripes and the laser
polarization is evident from the data shown in Figure 5, espe-
cially from the magnified electron micrographs in the third and
fourth columns. In Figure 5d, we aim at circular polarization of
light by introducing a quarter-wave plate into our setup. Here,
the surface morphology of the platinum lines is different from
that for linear polarization. We instead find arc-like structures.
However, it should be mentioned that the polarization in the
focus is not perfectly circular due to the polarization dependence
of elements behind the quarter-wave plate in the beam path. For
all of the structures shown in Figure 5, we find that the lines
are composed of densely packed platinum nanoparticles with a
diameter below 20 nm (also see Figure S4, Supporting Informa-
tion). It is suggestive to assume that these nanoparticles have
been formed during the writing process and have aggregated
together by some means. Whatever the precise mechanism, it is
important to point out that it is evident from the experimental
data alone that light-induced forces must play an appreciable role
here. Otherwise, we see no other mechanism that would lead
to structures aligned with the writing-laser polarization. This
finding asks for full-wave optical simulations of the light forces at

Laser Photonics Rev. 2022, 2100411 2100411 (6 of 13)

1

work under the conditions of our printing experiments. We will
present such calculations below. In the discussion section, we
will interpret the experimental data together with the simulation
data.

Before turning to the simulations, we note two aspects. First,
related polarization-dependent effects have previously been ob-
served in laser printing experiments on large-area silver struc-
tures under conditions of multi-photon reduction.3? Second,
our laser-printed platinum lines do not exhibit such pronounced
stripes for all conditions. In Figure 5, we have shown data
for laser powers close to the threshold and scanning at a
speed of 1 um s7!. At higher laser powers, the resulting plat-
inum lines reveal a much smoother surface (Figure S4, Sup-
porting Information). However, the line morphology is still af-
fected by the relative orientation of laser polarization and scan-
ning direction (Figure S4, Supporting Information). For appli-
cations where smooth lines may be aimed-at, circular polariza-
tion of the writing laser and large scan speeds are favorable.
We have emphasized low writing laser powers in Figure 5 be-
cause these data give the clearest hints toward the underlying
mechanisms.
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Figure 6. Reflectance from and exerted force on a single platinum nanosphere embedded in water. a) The reflectance from the nanoparticle in the focus
of the fundamental transverse Gaussian beam as a function of the nanosphere radius for a beam waist of 300 nm at a wavelength of 1 = 675 nm. The
exerted acceleration on b) a single nanoparticle in the focus as a function of the nanoparticle radius and c,d) outside the focus as a function of the
displacement from the center (radius of 10 nm) at a wavelength of 1 = 780 nm. The insets illustrate the shown displacements. Nanospheres with a
radius of 10 nm (dashed) and 50 nm (solid) are considered. The red double-arrows show the direction of the electric field polarization in the insets.

3. Calculated Optical Forces and Scattering

To aid the interpretation of the measured reflected probe signal
(4 = 675 nm, beam waist = 340 nm) from the gradually growing
platinum nanoparticles, we simulate the backward scattering of
light off a platinum sphere depending on its radius by utilizing a
multipolar method.>>=7! In the multipolar method, the incident
and scattered fields are expanded into vector spherical harmonics
(VSH) and, hence, are represented by their VSH coefficients. In
this spherical basis, the optical response of a sphere can be cal-
culated analytically (well known as the Mie coefficients(>41), and
the scattered light coefficients can be derived from the incident
field coefficients. For the simulations, we have assumed that light
impinges onto the particle in the form of a fundamental trans-
verse Gaussian beam (TEM,,). As the beam waist of the Gaussian
beam is smaller than the wavelength, the paraxial approximation
is not valid.l® Therefore, we use a fifth-order corrected beam as
originally proposed in References 61 and 62. A fifth-order correc-
tion for the beam at hand has an average relative error of around
1% and a maximum relative error of less than 20%./°!] For the en-
tire analysis of this section, we consider a refractive index of n =
1.33 for the surrounding water. The refractive index of platinum
at 1 = 675 nm is 0.48 + 6.62i.1]

To derive the reflectance from a single particle using the multi-
polar analysis and the Mie theory, we have calculated the scattered
field in a collection window that corresponds to the numerical
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aperture of the objective (i.e., NA = 1.25) at a distance of several
wavelengths. The reflectance is then calculated as the ratio of the
backward reflected power (0 = 180°) to the incident power (i.e.,
P,, = 2.5 mW). The results are shown in Figure 6a. We have used
a multipolar order of up to 10 to obtain numerically converged
results for the multipolar analysis.

In the next step, we calculate the optical acceleration
(force/mass F/m) exerted on a single platinum nanoparticle for
a Gaussian beam of wavelength A = 780 nm with a beam waist
of 340 nm and a power of 2.5 mW, both in focus and out of fo-
cus. This step helps to understand the importance of gradient
forces and the dynamics of the single spheres inside the sur-
rounding water. For the optical-force calculations, we again use
the multipolar analysis. The Maxwell stress tensor required for
the force evaluation is calculated in the VSH basis in this ap-
proach. Then, the expression for the optical force contains the in-
cident and scattered VSH coefficients,*! and no surface integrals
are required.>>7:%2] The mass density of the platinum, which is
needed to compute the mass via the nanoparticle radius, is taken
as 21.45 gcm 3.1 The simulated results are shown in Figure 6b-
d. Figure 6b shows the optical acceleration exerted by the focused
Gaussian beam along the x, y, and z-axes as a function of the plat-
inum nanosphere radius. The peak at around a radius of 100 nm
is especially important to notice. This peak is also seen in the re-
flectance data in Figure 6a. Note that the mass of the nanoparti-
cle increases proportional to the cube of the nanoparticle radius.
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Hence, the acceleration is generally decreasing after this peak.
In Figure 6¢,d, the optical acceleration in the focal plane (z = 0)
but outside the focus (x # 0 and y # 0) is calculated for a single
nanosphere of radius 10 and 50 nm, respectively. The polariza-
tion of the electric field is shown in the insets. The displacement
along x and y are similar although slightly different in strength.
This difference can be attributed to a slight asymmetry of the
Gaussian excitation. An important finding of our calculations
shown in Figure 6 is the dominance of the gradient forces outside
the focus for smaller spheres compared to larger spheres. The ex-
erted gradient accelerations are almost the same for both spheres.
However, the acceleration along the wave propagation axis (z-
direction) is much smaller for small spheres. This small pushing
force for the small dipolar nanoparticle is linked to the small real
part of the Mie coefficients compared to their imaginary parts,
ie., R(a,) < F(a,), where a, is the electric-dipole Mie coefficient.
The refractive index of platinum at 4 = 780 nm is 0.56+7.841.°

In the next step, the interaction and the dynamics of a pair
of platinum nanospheres are investigated. These calculations re-
late to the experimental data shown in Figure 5, where we have
found a polarization dependence of the printed lines. Due to sym-
metry of the nanosphere and the isotropic surrounding, the re-
sponse of a single particle to the Gaussian excitation does not
show a noticeable polarization dependence. Therefore, we con-
sider pairs of nanospheres. For this purpose, we continue to solve
the full-wave Maxwell equations as a multipole scattering prob-
lem among the two nanospheres.>*%] Comparable to ordinary
Mie theory,®®] we expand all involved fields in frequency space
using VSH considering the center positions of the nanospheres,
R, and R,, as the center of the coordinate system describing the
scattering problem as seen from each particle. We expand, in par-
ticular, the external illumination impinging on each nanosphere
and their scattered fields in the local coordinate systems of the
respective nanospheres. The VSH coefficients of either the in-
cident or the scattered field are collected in the vector, ql}{ and
b'/2, respectively. The superscript labels the considered sphere.
For an isolated sphere, the relation between the scattered and the
incident field is given as

= 1l

b=T=q 1)

with T being called the T or transition matrix.l%! For a sphere,
for which the VSH do not couple thanks to the high symmetry
of the object, the T matrix is diagonal. In essence, the diagonal
contains the Mie coefficients. Regarding the two nanospheres, we
consider the incident field on each nanosphere as a superposition
of the external illumination and the scattered field from the other
nanosphere as

l lxt 0 C(_Rz) b
m ) [gixt]+[6(—kl) 0 Hb] )

where C(—R,,)) is the translation coefficient matrix, translating
the scattered field from particle m in its coordinate system into
an incident field in the coordinate system of particle n. Details
of this matrix can be found in the literature.[*®) Now plugging in
that expression into the original expression for the scattered field
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from each particle, we arrive at
] |1, o 1 0 C(=R,)] v
b 0 TZ qcxt C (_R1 ) 0 b

G)
This is a system of linear equations that can be recast into

T, 0 0 C(-R,)
o [C(—Rl) 0 ]

T,

T 0 [qéxt] @
0 T2 qext

and which can easily be solved by matrix multiplications. We
stress that information concerning the particles is contained in
the T matrix, information concerning their location is contained
in the translation matrix, and information concerning the exter-
nal illumination is contained in the dedicated vector. Once the co-
efficients expanding the scattered and incident fields are known,
all the relevant quantities can be directly calculated.™!

In the following, we assume that the pair of nanospheres
is arranged symmetrically with respect to the central focus, as
shown in the inset of Figure 7. Because of this symmetry, we
only show the results for nanoparticle #2. In Figure 7a,b, the
optical acceleration exerted onto nanoparticle #2 is shown for
both polarizations. When the polarization is parallel to the axis
connecting the pair, the nanoparticles tend to attract each other.
This attraction increases significantly for decreasing nanopar-
ticle distance. In the case of perpendicular polarization, the
nanoparticles tend to attract each other at a large distance. How-
ever, as the nanoparticles get closer, they tend to repel each
other strongly. For larger distances, the gradient force domi-
nates. In contrast, the coupling force dominates when the two
nanoparticles get closer, and the two nanoparticles repel each
other. Therefore, we expect that the polarization of the incident
light field plays a crucial role in the final arrangement of the
nanoparticles.

In the next step, we seek to calculate the time it takes for a pair
of nanoparticles, illuminated under parallel polarization, to col-
lide. This step helps us identifying the timescales relevant to the
experiment. Like in the previous paragraph, we assume the ini-
tial arrangement of the pair to be symmetric with respect to the
center of the beam focus. For the dynamic calculations, we use
the backward Euler method for the velocity in the time discretiza-
tion of the Newtonian equation of motion and the drag force. This
method is numerically stable for viscous environments. The ve-
locity v and position p of the nanoparticles are calculated through
the following equations:

-1

Lre——
c <o
N o=

—_—
Il

(] =l

—_—l O
I

v(t+dt) = v(t) + dt X F/m = v(t) + dt X [Fy(t + dt) + F. . (t)]/m
©)

p(t+ dt) = p(t) + dt X v(t) 6)

© 2022 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

-3
0 0.02 0.04 0.06 0.08
Distance (um)
(c)
4 x10t
R Ofs ugininl ahaddst siasiasiasts el el
R RS
E RN
c -1 RS
ke] RS
© R
-2 s
S | L2 -
< 3 , S =
e,
-4
0 2 4 6 8 10

Power (mW)

www.lpr-journal.org

\ —a —a a
X y

Acceleration (m/sz)
N H

o

'
N

o

0.02 0.04

Distance (um)

0.06 0.08

(d)

Collision Time (ms

Distance (Mm)
© o o o
N w = (&)

53
=

107"
0.5 1 15

Viscosity (mPa s)

Figure 7. Dynamics of a platinum nanoparticle pair embedded in water in a Gaussian beam. The exerted acceleration on the second nanoparticle for
polarization a) parallel to and b) perpendicular to the dimer axis as a function of the surface-to-surface distance of the nanoparticles. Nanoparticles
with a radius of 10 nm (dashed) and 50 nm (solid) are considered. c) Exerted acceleration on the second nanoparticle as a function of the Gaussian
beam power. d) The time for a collision of the dimer (for parallel polarization) as a function of water viscosity and the nanoparticles’ surface to surface
distance. We consider 2.5 mW optical power of a fundamental transverse Gaussian beam with a beam waist of 340 nm and a center wavelength of 1 =
780 nm. The particles are embedded in water (with refractive index n = 1.33).

where F, is the optical force, F, is the drag force, and dt is the
time increment step in the numerical calculations. We use a time
step of dt = 1 us to obtain numerically converged results. We fur-
ther use a linear drag force according to

Fy(t) = —6 7 v(t) 7)

where p is the viscosity. This approximation is justified for the
small particle radii under investigation here. It is well known that
the water viscosity decreases with increasing water temperature.
In the range of 0 to 100 °C, the viscosity changes from 1.8 to 0.2
mPa 5.1 Figure 7d shows that the collision time for the pair is
in the order of milliseconds. The results show that optical forces
play a crucial role in the dynamics of the platinum nanospheres,
irrespective of the temperature. The larger the water tempera-
ture, the stronger the effect. For room temperatures (where y = 1
mPa s), nanoparticles at a distance of roughly 100-150 nm are
subject to especially strong interactions. We note that this find-
ing is in line with the pattern formation discussed in the previous
section.

4, Discussion

The in situ experimental data presented above have shown sev-
eral different time scales relevant to the process at stake and have
revealed surprisingly fast and sudden events within the writing
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laser focus. In the simulation section, we have quantified the
light-induced forces at work under the conditions of our experi-
ments. However, these are not necessarily the only forces at work.
For example, previous work has pointed to the importance of
heating effects.[#7:686]

On this basis, in what follows, we aim at drawing a qualitative
picture of the processes at work in the multi-photon laser print-
ing of platinum that is consistent with all of the above data. This
picture is schematically illustrated in Figure 8.

It is clear that the photo-reduction of the metal salt can start
only after the writing laser has been switched on. Platinum ions
are reduced to platinum atoms and are expected to form nan-
oclusters and/or nanoparticles. These particles are initially tiny
and do not significantly contribute to the in situ reflectance sig-
nals shown in Figure 2. With increasing time of laser illumina-
tion, we expect that the particles within the laser focus grow in
quantity and size (Figure 8a). They may also aggregate together
to form larger particles. Optical forces can be remarkably effec-
tive in promoting the attraction of particles to each other from
large distances (Figure 7). At some point, they have become so
large that they lead to an appreciably large reflectance signal (Fig-
ure 2). At this point, it is decisive whether the particle adheres to
the substrate or not. Let us discuss the two scenarios separately.

If the particle adheres to the substrate by covalent forces (Fig-
ure 8b), it may grow and act as a seed for further particles to aggre-
gate on. This process leads to the rapid increase of the reflectance
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Figure 8. Scheme of the processes in laser printing of platinum. a) With increasing time of laser illumination, platinum particles grow in quantity and
size in the focal volume. b) Platinum nanoparticles aggregate together to form a larger particle. At some point, reflectance from this larger particle is
detected. c) If the particle formed in (b) sticks to the substrate by covalent forces, it may grow and act as a seed for further particles to aggregate on.
As aresult, a rapid increase of the reflectance signal is detected. After some hundreds of milliseconds, the particle reaches a size comparable to that of
the writing laser focus and we observe a plateau of the reflectance signal. d) However, if the particle does not adhere sufficiently to the substrate, it may
be ejected from the focal region, leading to a rapid drop of the in situ reflectance signal. Thus, a sharp spike is generated. Such ejection processes can
happen several times. e) Eventually, a particle adheres stably onto the substrate and serves as a seed for the formation of a printed structure as shown

in (c).

signal, e.g., in Figure 2a. Thereafter, the particle grows further.
After some hundreds of milliseconds, the particle reaches a size
comparable to that of the writing laser focus and we observe a
plateau of the reflectance signal (Figure 8c). At this point, the par-
ticle has become opaque to light and casts a shadow, such that
the photo-reduction rate drastically decreases, even if the writing
laser is still switched on. The absorption of the writing laser in
the platinum particle will heat the particle and enable further re-
duction by thermal processes, albeit at a small growth rate of the
particle. The heating also fixes the nanoparticle to the substrate, a
process that has been discussed in detail earlier.”®) Temperature-
induced effects have also been discussed in References 47, 71,
and 72. We also expect that this laser-induced heating sinters the
individual nanoparticles mentioned above together. As a result,
we obtain a platinum particle with spherical morphology (see in-
set of Figure 2a and Figure S5, Supporting Information) for prop-
erly chosen not-too-high writing laser power (around 35% P,).
For higher laser powers, the particle heating becomes so large
that the surrounding water evaporates and forms micrometric
bubbles that destroy the grown platinum structure and render
the printed structures essentially useless.

Let us now discuss the case where the initial particle in Fig-
ure 8b does not adhere sufficiently to the substrate by covalent
forces (Figure 8d). It may thus be ejected from the focal region,
leading to a rapid drop of the in situ reflectance signal (see, e.g.,
Figure 2b). This process corresponds to the sharp peaks in Fig-
ure 2c—f. Notably, the signal fall times associated to the ejection
processes, which happen on the scale of some tens of microsec-
onds (Figure 3d), are orders of magnitude shorter than the other
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timescales involved (Figure 3a—c). We see two possible origins
for the rapid ejection processes. First, the discussed heating of
particles may lead to turbulences that eject the particles from the
focal region. Without turbulence, it is hard to conceive that ther-
mal gradients alone lead to such rapid ejection processes of plat-
inum particles. Second, light-induced forces, especially the scat-
tering force or light pressure discussed in the simulation section
may be responsible. After all, we have shown that particles with a
radius around 100 nm experience a particularly large optical ac-
celeration (see Figure 6a). Independent on the exact mechanism
for the ejection of the particle, the particle is afterward no longer
available in the focal region, and the process has to start from
scratch. Such ejection processes can happen several times (Fig-
ure 2b) before a particle eventually covalently binds to the sub-
strate surface (Figure 8e). This particle then serves as a seed for
the further process. Clearly, the ejection processes depend on the
viscosity of the surrounding medium. Consistent with our inter-
pretation, Reference 39 recently obtained improved metal (silver)
printing quality by using gelatin instead of water. To further test
our interpretation in terms of a seed, we have performed addi-
tional point-exposure experiments. Here, we start from a preex-
isting platinum particle rather than from the bare glass substrate
(Figure S6, Supporting Information). The writing laser and the
probe laser are directly focused on this particle. Before the writ-
ing laser is switched on, a reflectance signal from the particle
is already detected. After switching on the writing laser, the re-
flectance rapidly increases toward a plateau—with a negligible
incubation period and without any spikes on the reflectance ver-
sus time.
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In addition, to show the importance of the adhesion of the
seed particle on the substrate, we have also performed writing
experiments on a nonsilanized plasma-treated glass substrate as
a control experiment (Figure S7, Supporting Information). Due
to the weak adhesion of platinum particles, an initially formed
particle cannot adhere to the substrate to resist the optical and
turbulence forces. Therefore, even within a monitoring period as
large as 9 s, the reflectance signal does not reach a steady plateau.
Instead, only spikes are observed. Furthermore, from the online
CCD camera image, no dominant platinum particle is observed
at the focus position. Instead, randomly distributed particles oc-
cur in the periphery of the focus. Following our above interpre-
tation, all of these particles have been ejected from the writing
laser focus.

Let us now turn our attention to line exposures instead of
point exposures. We start our discussion with low laser pow-
ers and then move to higher powers. At low powers, we observe
pronounced polarization-dependent effects, as illustrated in Fig-
ure 5. As already pointed out in the results section, the mere ob-
servation of stripe structures, the orientation of which positively
correlates with the orientation of the linear laser polarization (Fig-
ure 5) is evidence for light-induced forces. In the simulation sec-
tion, we have shown calculated optical forces between two plat-
inum spherical nanoparticles under the conditions of our writ-
ing experiments. We have found that nanoparticle pairs oriented
along the axis of the electric-field vector of light experience an
appreciably large attractive force and that nanoparticle pairs ori-
ented perpendicular to the polarization axis of light experience
a repulsive force. While these model calculations qualitatively
explain the stripe structures in Figure 5, the overall behavior is
much more complex. The light induces electric dipoles into many
platinum nanoparticles, leading to a complex dipole-dipole inter-
action and resulting in complex nonlinear dynamics. The quan-
titative treatment of this problem is far beyond the scope of this
paper.

At somewhat higher laser powers (see, e.g., Figure S4c,d
Supporting Information) the polarization-dependent stripes are
smeared out as already addressed in the section on experimental
results. Furthermore, the line width increases somewhat (Figure
S3, Supporting Information, 1 um s~ and 15% to 25% P,). We
attribute this behavior to photoreduction in the tails of the fo-
cus, which are not yet shadowed by the already printed line, and,
possibly, to thermally induced reduction arising from laser heat-
ing due to absorption of light by the already printed line. For yet
higher laser powers (Figure S3, Supporting Information, 1 um
s~ and 30% to 50% P,), we observe the formation of a large num-
ber of irregularly spaced bumps on top of the lines. We attribute
these bumps to bubbles forming due to yet further heating of the
metal line, leading to local evaporation of the water. The light-
induced forces discussed above for low laser powers only play a
minor role compared to thermal effects at such high laser pow-
ers.

5. Conclusions

We have presented systematic in situ diagnostics during plat-
inum laser printing experiments by monitoring the backscattered
light of a separate weak continuous-wave probe laser. We have
identified three different time scales involved: 1) an incubation
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period in the range of some hundreds of milliseconds, 2) parti-
cle growth on the scale of few tens of milliseconds, and 3) par-
ticle ejection from the focal region on a scale of few tens of mi-
croseconds. We have shown that the scattering force or light pres-
sure is a possible source for driving these ejections. Optical forces
are also responsible for stripes on the printed platinum surfaces
that are oriented along the polarization of the writing laser. These
findings can qualitatively be explained by simulations of the op-
tical forces between adjacent platinum nanoparticles in the vis-
cous water environment. With this improved understanding of
the underlying processes and timescales, we expect to see en-
hanced capability and printing quality in future developments of
metal laser nanoprinting.

6. Experimental Section

Pt Ink: Ammonium trisoxalatoferrate (Il) trihydrate and ammo-
nium tetrachloroplatinate (Il) were purchased from Sigma Aldrich.
(NH,)3[Fe(C,04)3]-3H,0 (0.5 M) and (NH,),[PtCl,] (0.07 M) aqueous so-
lution were prepared and stored in the dark at 4 °C. The Platinum based
ink (1:1 by volume (NH,);[Fe(C,0,)3]:(NH,),[PtCl4]) was always freshly
prepared prior to the laser experiments.

Sample Preparation:  For the preparation of samples, precision cover
glasses were first carefully cleaned with water, acetone, isopropanol suc-
cessively. Then, the cover glasses were kept in an oven at 150 °C for 1 h to
get rid of water on the surface and treated with oxygen plasma for 10 min.
The cleaned cover glasses were placed in vials containing a solution of (3-
aminopropyl) triethoxysilane dissolved in toluene (0.2% vol) for 60 min
at ambient temperature. Finally, the cover glass was washed successively
with toluene, acetone, isopropanol, and finally dried in a stream of nitro-
gen. The silanization process was performed to better bind the platinum
particles to the amino-functionalized substrate surface during the laser
reduction process. Silanized glass cover slips were placed in the sample
holder, and a polydimethylsiloxane (PDMS) ring with a height of close to
1 mm was used as a reservoir. A droplet of ink was placed in the middle
of the PDMS ring and the top was covered with a second PDMS piece
to prevent any evaporation of solvent during the fabrication process. In
point exposure experiments, to quantitatively estimate the reflectance sig-
nal, the silanized cover glass was partially coated with a 120 nm gold layer
with evaporation coating (Cressington 108). The central part of the cover
glass was covered with polyimide tape (PIT0.5S-UT, LINQTAPE) to keep it
uncoated. The reflectance from the platinum particle was calibrated with
the full reflection, which was calculated by the reflection from the glass—
gold interface.

Instrumentation and Metal Reduction: A Ti:Sa femtosecond laser (Co-
herent Chameleon Ultra Il) was used for multi-photon excitation. A diode
laser (675 nm wavelength, Thorlabs) was adopted as a probe laser. These
two laser sources were combined with a dichroic mirror and focused
into Pt ink by a water objective lens (Zeiss LD C-APOCHROMAT 100 x
/1.25 W, numerical aperture NA = 1.25). The objective was mounted by
a piezoelectric stage (Physik Instrumente P-733.ZCL) with 100 pm travel
to translate the focus along the optical axis. The sample was translated
horizontally using a 2D piezo stage (Physik Instrumente P-734.2CL) with
100 pm X 100 pm travel. The 2D stage was mounted on top of another
stage (Physik Instrumente P-M-686) with 25 mm X 25 mm travel for
coarse movement. The backscattered signal from a photo-induced Pt parti-
cles was collected with a photodiode (FDS1010, Thorlabs). The rise time of
the photodiode was 65 ns. A 675 nm band-pass filter (Chroma Technology)
was placed in front of the photodiode to avoid possible crosstalk from the
fs laser. The switching and power of the fs laser were controlled by acousto-
optic modulators (AOMs, AA Opto Electronic MTS40-A3-750.850). The
AOM response time was about 500 ns. All laser powers were measured
at the position of the objective lens’ entrance pupil. A power of 3.5 mW
corresponding to 100% was used in all the experiments. A half-wave plate
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adjusted the linear laser polarization direction. An oscilloscope (Rohde &
Schwarz, RTO 1024) was used to collect the signal sent to AOM and the
signal collected by a photodiode. During the writing procedure, the probe
laser was also used to find the z-direction of the glass-ink interface with
high accuracy via a confocal detection scheme. In the interface-finding pro-
cess, the focus was scanned with respect to the glass substrate along the
z-direction in a range of a few micrometers. A maximum of the reflected
signal occurred when focus and interface were aligned. The position of
this maximum and hence the position of the glass substrate interface by
an accuracy below 10 nm were determined. A camera and a light illumi-
nation in transmission by a red light-emitting diode were used to monitor
the exposure process in situ. After the writing was completed, the samples
were washed for 5 min in pure water and blow dried gently with nitrogen
gas.

Characterization: The surface morphologies of the samples were mea-
sured on a Zeiss Leo 1530 scanning electron microscope operating at
10.0 keV. The samples were coated with an 8 nm gold layer prior to mea-
surements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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