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Direct printing of microstructures by femtosecond laser excitation

of nanocrystals in solution
Wan Shou and Heng Pan®
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(Received 13 March 2016; accepted 11 May 2016; published online 24 May 2016)

We report direct printing of micro/sub-micron structures by femtosecond laser excitation of
semiconductor nanocrystals (NCs) in solution. Laser excitation with moderate intensity (10"-10"2W/
cm?) induces 2D and 3D deposition of CdTe nanocrystals in aqueous solution, which can be applied
for direct printing of microstructures. It is believed that laser irradiation induces charge formation on
nanocrystals leading to deposition. Furthermore, it is demonstrated that the charged nanocrystals can
respond to external electrical bias, enabling a printing approach based on selective laser induced
electrophoretic deposition. Finally, energy dispersive X-ray analysis of deposited structures shows oxi-
dation occurs and deposited structure mainly consists of Cd,O. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4952615]

Generally, direct writing using single or multiple ener-
gized beams (e.g., laser, ion, or electron beams) provides high
feature resolution (<1um) compared with other solution-
based printing methods (e.g., inkjet printing). There have
been extensive research on micro/nanoadditive manufacturing
methods employing laser (or optical) and ion/electron beams,
including micro-stereolithography,’ two-photon polymeriza-
tion,2 microselective laser sintering,3 laser (including focused
ion beam) Chemical Vapor Deposition (CVD),*> MAPLE,*’
and laser induced precipitation and reduction.*'> Many of
these processes utilize specially designed photosensitive mate-
rials consisting of additives and effective components. Due to
the presence of additive (such as polymer and binders), the
effective components are relatively low resulting in a high
threshold for device operation. Laser CVD can effectively
remove polymer components at the cost of expensive vacuum
equipment. Laser induced reduction has limited control over
the processing condition, which strongly influences the final
structures.

In order to direct print functional devices at low cost,
there has been extensive research on laser processing of pre-
synthesized nanomaterials for non-polymer functional device
manufacturing. Pre-synthesized nanocrystals can have better
control in the stoichiometry and crystallinity. In addition, pre-
synthesis process enjoys the flexibility in material choice since
a variety of materials can be synthesized. Laser induced for-
ward transfer has been used to print pre-synthesized nano-ink
to form 2D conductive patterns.'? Laser sintering and ablation
of functional nanomaterials has led to unprecedented advan-
tages for microadditive manufacturing of electronics.'*'?
Recently, a tightly focused fs laser has been used to assemble
CdTe quantum dots and form nanoscale 2D patterns (down to
170 nm).'® Functional devices such as chemical sensors'® and
conductors'’ have been demonstrated. The researchers sug-
gested the assembly mechanism is due to laser trapping
force.'® A majority of the demonstrated laser assembly of
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nanocrystals are 2D processes. Adopting a process similar to
femtosecond laser two-photon lithography, 3D assembly of
functional graphene oxide has been recently demonstrated.'®

Femtosecond laser assembly and deposition of nanomate-
rials can be a feasible 3D micro/nanoadditive manufacturing
approach, although mechanisms leading to assembly and dep-
osition have not been fully understood. It is suggested that
laser trapping force could be one mechanism leading to as-
sembly.'® In this paper, we propose a mechanism for 2D and
3D deposition of nanocrystals by laser excitation with moder-
ate peak intensities (10''=10'> W/cm?). The method does not
rely on laser trapping. It is postulated that laser induced charg-
ing is responsible for the deposition. In addition, the scheme
paves the way for laser selective electrophoretic deposition as
a micro/nanoscale additive manufacturing approach.

The experimental setup is shown in Fig. 1(a). A femto-
second laser (Calmar Cazadero) with 1030 nm wavelength,
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FIG. 1. (a) Experimental setup for femtosecond laser nanomaterial printing.
(b) Printing by using laser only. (c) Printing by laser and external bias.
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400 fs pulse width, and adjustable repetition rates (120
kHz—27 MHz) was employed. To minimize the laser trapping
effect, a low NA =0.43 lens (20x, 2.6 um spot size) was
employed. CdTe quantum dots functionalized by carboxylic
acid (Sigma) was dispersed in aqueous solution (3—4nm
size, 1 wt. %, pH="7). The zeta potential of the as-prepared
CdTe QDs solution was measured around —41 mV (negative
charges). An optional electrical bias can be applied using
transparent electrodes across the gap to assist directional
deposition.

Femtosecond laser was focused near the bottom substrate,
as shown in Fig. 1(a), to determine the threshold laser inten-
sity to induce deposition. With laser power at 60 mW and rep-
etition rate at 2.7 MHz (peak intensity ~9.59 x 10" W/em?),
deposition can be observed after several seconds of irradia-
tion. At this threshold intensity level, depositions were found
to scatter within the laser irradiated area (Fig. 2(a-i)). The
scattered deposition covering a large area within the laser irra-
diated area (instead of gathering at the center of the laser focal
spot) indicates the deposition is unlikely due to optical trap-
ping. We can estimate the gradient force needed to realize
optical trapping. To trap nanoparticles (NPs), the optical gra-
dient force should be >10~"* N (Refs. 16, 19, and 20) to over-
come the diffusion driven by thermal energy kgT. To
irreversibly assemble NPs after trapping, the electrostatic (ES)
repulsion needs to be overcome. The primary ES energy bar-
rier is a few times of kT depending on measured Zeta poten-
tial.?! This means the optical force should at least a few times
of 107'* N to overcome both the ES repulsion between NPs
and thermal diffusion. This is in agreement with literatures
reported laser intensities for optical trapping of CdTe quantum
dots.?! Using measured polarizability,'” reported averaged
laser intensities are converted to gradient forces. It can be
seen that the averaged laser intensity should be >10 MW/cm?
to generate gradient force >2 x 10~'*N, for both fs and CW
laser near 1030nm. The average laser intensity is
0.5-1.5MW/cm” in this work, which only yields gradient
force from 1.5 x 107! to 4.5 x 10~ ' N. Therefore, it is con-
cluded that the deposition observed in this work is unlikely
due to optical trapping force. As the laser intensity increases,
the deposition becomes clear. The deposition rate is clearly
higher at the laser spot center, suggesting that the deposition
is laser intensity dependent. Furthermore, it is found that the
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threshold intensity depends on repetition rates, as plotted in
Fig. 2(b). With lower repetition rate (longer time between
pulses), higher peak laser intensity will be required to induce
deposition. The effects of laser powers (above deposition
threshold) and repetition rates on deposition size are summar-
ized in Fig. 2(c). Finally, the capability of this process in fab-
ricating lines and dots arrays is shown in Fig. 2(d).

It appears that laser irradiation generates “activated nano-
crystals” within the laser focal spot that tend to be deposited or
aggregated. The substrate was then moved to various z posi-
tions within the depth of focus to study the deposition pattern.
With laser focused at 6 um below the substrate, the deposition
appears to be smaller than the deposition at focal plane (z = 0).
The concentration of “activated nanocrystals™ is expected to
correlate with laser intensity within the laser focal volume.
With the laser located 6 um below the substrate, only the cen-
ter area receives laser intensity above the threshold level,
which leads to a smaller deposition. The laser is moved above
the substrate (z=9 um), slightly smaller spot can be observed
as expected. Interestingly, in this case instead of forming a flat
deposition, the deposition appears to be extended in z direction
(3D structure), as shown in Fig. 3(a-iv). The “activated nano-
crystals,” which are generated within the entire elongated vol-
ume of the laser focal spot above the substrate, will interact
with each other while they diffuse towards the substrate. Once
a deposition is formed on the substrate, more in-coming
“activated nanocrystals” formed above the substrate will con-
tinue to be deposited and extend the structure in the z direction.
Utilizing this spatial distribution of “activated nanocrystals,” a
3D structure was formed by vertically moving the laser. Laser
was initially focused at z=7 um above the substrate and
slowly moved to z= 16 um within 30s. A pillar structure was
formed with the height around 3—4 um by the laser guided dep-
osition (Fig. 3(b)).

It is postulated that laser irradiation induce charges on
nanocrystals, which alters the electrostatic potential between
NCs. To verify the charge formation, the top and bottom glass
substrates were replaced with transparent conductive electro-
des such that electrical bias can be applied. The electrode
gap was maintained at ~100 um, and laser spot was located
z=40 um above the substrate (far enough from the substrate
to avoid any direct laser induced deposition). As can be seen
in Fig. 4(a-1), with laser power at 30 mW and voltage at 2.9V,
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FIG. 2. (a) Laser induced deposition at various level of laser peak intensity. (b) Laser intensity threshold to induce deposition at various repetition rate. (c)
Measured deposition diameters after 10s laser irradiation from SEM images under various laser powers and repetition rates. (d) Fabricated two-dimensional

patterns including lines and dots array.
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FIG. 3. (a) Deposition patterns with substrate located above (i, ii), at (iii), and below (iv) focal plane. (b) 3D structure fabricated by moving laser vertically

fromz=7 um to z=16 um.

no deposition was observed. By slightly increasing the voltage
to 3.0V, noticeable depositions were immediately observed
directly below the laser spot (Fig. 4(a-ii)). The zeta potential
of un-processed CdTe nanocrystal was measured to be around
—41mV (negative charges). The fact that the NCs were
attracted to the negatively charged cathode after laser excita-
tion suggests the charge in the particle might have been
reversed.

E-field assisted laser induced deposition under various
laser intensities and bias voltages are summarized in the sup-
plementary material®’ (Fig. S2 and Fig. 4(b)). With laser
power maintained at 30 mW, increasing voltage from 2.9 to
3.1V substantially increases the amount of deposition. It is
also noted that the amount of deposition increases with the
increase in deposition time from 10 to 20s. However, a
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FIG. 4. Laser printing assisted by applied voltage. (a) SEM images of depo-
sition under various laser powers and voltages. (i) Laser power 30 mW, bias
2.9V, deposition time 10s; (ii) Laser power 30 mW, bias 3.0 V, deposition
time 10s; (iii) Laser power 25 mW, bias 3.5V, deposition time 10s; (iv)
Laser power 25 mW, bias 3.5V, deposition time 20s; (v) Laser power 10
mW, bias 4.4V, deposition time 10s. (b) Quantitative measurement of depo-
sition volume under various laser powers and voltages.

further increase in deposition time from 20 to 30s does not
necessarily lead to more deposition for the cases with low
bias voltages (2.9 and 3.0 V), suggesting that the laser gener-
ated “activated nanocrystals” might have been depleted. In
this medium laser power and low voltage range, the deposi-
tion exhibits a disk shaped morphology.?' Increasing laser
power from 30 to 35 mW leads to the increase in the deposi-
tion amount and truncated cone shaped deposition appears.
High laser power generates more ‘“activated nanocrystals”
that can be electrical biased towards the bottom substrate.
However, an excessive amount of “activated nanocrystals”
could result in uncontrollable and non-uniform deposition. In
order to improve the deposition quality, lower laser power
and high bias are preferred. This can be observed by 25 mW
and 3.5V deposition (low laser power and high bias), and
more regular pattern with rounded shapes can be printed,
which can be identified as a hemisphere mode. The hemi-
sphere mode also exhibits more controllable deposition man-
ifested by a steady increase in the deposition volume with
deposition time (Fig. 4(b)). The estimated deposition volume
with respect to time under three modes of deposition are
summarized in Fig. 4(b) (with details on volume calculation
in the supplementary material?'). A low laser intensity with
higher voltage will avoid excessive “activated particles” and
enhance directionality of these particles such that deposition
with better quality and smaller features could be realized.

To test this, laser power was further reduced to 10 mW
(peak intensity is 6.5 x 10" W/cm?) and the bias increased to
4.4V. A sub-micron feature with a diameter ~500 nm, which
is substantially smaller than the laser spot (2.6 um), can be
deposited, as shown in Fig. 4(a-v). The sub-micron feature
could be formed due to collisions of the ‘“activated nano-
crystals” before reaching the substrate, or after reaching the
substrate. Considering the distance the nanocrystals need to
travel from the laser focal spot to the substrate (L ~ 40 um)
and assuming q = +4, the travel time under electrophoretic
force can be estimated as L/V,~30ms, where V,=Eq/
(4mRn) is the velocity of the charged particle under E-field, E
is the electrical field, # is the viscosity, and R is the NP ra-
dius. It is believed that the charge life-time on NPs should be
at similar scale (>10ms) or longer. Using the Stokes-
Einstein relation, D:lqu/(fqu),22 where kp is Boltzmann
constant, T is the temperature, and f is a constant, the calcu-
lated diffusivity D of the NP is ~1.6 x 10~ '"m?/s. The lateral
diffusion length /D would suggest (D x 30ms)™> ~2 um,
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4 times larger than 500nm. Therefore, it is believed that
the particles collide and form the sub-micron structure of
~500 nm before reaching the substrate. Assuming Brownian
motion, the average collision time between collisions is
n/(NkgT) ~ 1-10 ps,> where N (7 x 10**m™>) is the NP con-
centration, which is much shorter than the travel time
(~30ms). Thus, it is reasonable to believe the nanocrystals
have sufficiently collided and form sub-micron aggregate
before reaching the substrate.

We furthermore measured the induced current under
bias in order to estimated laser induced charge on each parti-
cle. It was determined that the current increases by ~15nA
when 30 mW laser irradiation turns on (voltage is ~3.5V).
The current between two electrodes will read I =2NuZVAl/d,
where p is the electrophoretic mobility, N is the NP concen-
tration, Z is the NP charge, V is the applied voltage, A is the
electrode area, and d is the gap distance.>* The u is related
to zeta potential using theory of electrophoresis, and zeta
potential is realted to charges Z from electrostatics. This
way, by measuring current /, laser induced eletrophoretic
mobility u (or charges Z) can be estimated. Using the meas-
ured current and deposited area A ~ 100 ,umz, the electropho-
retic mobility is estimated to be +6.6 X 10 8m?v-tis™,
which corresponds to ~7 charges per particle.

Femtosecond laser could induce charges on irradiated
semiconductor nanocrystals. There could be two paths to
form charges. First, laser can induce excitation of electrons
into conduction band where excited state can react with spe-
cies in water to form charge species. Assuming two-photon
absorption coefficient is 210 for CdTe quantum dots,”> 30
mW@700kHz repetition rate, and quantum yield 1074 (per-
centage of excited electron interact with species), one would
estimate ~2 x 10? excited electrons are formed in conduction
band that can react with species per particle per second. This
level of excited electron is sufficient for surface reactions to
generate charged species (photoelectrophoresis effects).
Boxall reported photoelectrophoresis in TiO, nanoparticles.
Using the experiment conditions by Boxall:*® ~0.1 W/cm?
for light intensity, 10~'?cm? for NP absorption cross section,
and 10~ for quantum Yyield. It can be estimated that around
50 charges are formed per second on each particle. The esti-
mated number of excited electrons in this work is higher than
this level; therefore, photoelectrophoresis could be expected.
Secondly, the electron could be emitted. Before the emitted
electrons recombined, the nanocrystals will be temporally
charged. We estimated the electron temperature under moder-
ate laser irradiation and ionization rate considering thermal
emission and thermos-assisted photoemission.”’ With
30mW@700kHz (1.95 x 10" W/cm?) laser power, two-
photon absorption coefficient 210, CdTe NP can emit several
electrons per pulse (Te ~ 6000 K). It suggests the possibility
of observing positive charges due to electron ejection. The
electrons once ejected can form solvated (hydrated) elec-
tron.”® The solvated electrons react with solvent, such as
H,O, to form intermediate species (OH"). It will take us to
ms before OH™ recombines.?’ Before OH™ recombination,
NP is charged and can response to the electric field.

It should be pointed out that the process described above
can occur without significantly increasing the solution tem-
perature. This is possible by using (1) fs laser with moderate
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repetition rates (to achieve high peak power for non-thermal
excitations while maintaining lower thermal accumulation)
and (2) ultra-fine nanocrystals (to increase thermal dissipa-
tion). We have estimated, using the two-photon absorption
cross section of nanocrystals and 1wt.% concentration,
the steady state temperature rises are <15 K with averaged
laser power <40 mW. Meanwhile, thermal analysis based
on single pulse heating shows lattice temperature of nano-
crystals can increase by ~100-200K during the period
of single pulse. However, the thermal relaxation time of
the nanocrystals in solvent is 14.5 ps, which is shorter than
the vaporization time 16ps (determined by Kapitza resist-
ance);30 therefore, no nano-bubbles can be formed. In addi-
tion, the electron emission density is well below the critical
density to generate plasma in solvent.*’

Energy dispersive X-ray (EDX) compositional profiling
was performed on the deposited structure (supplementary
material,?’ Fig. S3). The results show main contents are Cd
(63 wt. %) and O (31 wt. %) with negligible amount of Te
(6wt. %). The oxygen curve shows obvious peaks and
valleys as cadmium does, while tellurium only shows weak
and wide peaks in the corresponding locations. These results
indicate the deposited materials are oxidized cadmium
(Cd,O) with limited amount of CdTe. It is believed that
CdTe is not stable under excitation state and it can be oxi-
dized by aqueous environment.>> To reduce the oxidation
effect, the experiment will be performed in non-aqueous so-
lution and reported in future.

We have reported microstructure printing by femtosecond
laser induced charging of nanocrystals. The laser induced
printing process can be assisted with electrical bias. The
smallest feature fabricated is ~500nm, substantially lower
than the diffraction-limited laser spot size (~2.6 um). Detailed
analysis of deposition mechanisms implies the semiconductor
nanocrystals are charged by femtosecond laser irradiation
with moderate intensities (10''-10'> W/cm?). The life time of
the induced charges can be longer than tens of milliseconds,
which is sufficient to complete the electrophoretic process
between two parallel electrodes separated by ~100 um. This
work potentially enables a 2D/3D functional device printing
approach with sub-diffraction-limited feature resolutions.
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partially supported by ORAU Ralph E. Powe Junior Faculty
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