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Laser expulsion of an organic molecular nanojet
from a spatially confined domain
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Functional organic molecules have been manipulated into fluorescent features as small as 450 nm on
a polymer film using a method derived from laser ablation and laser implantation. The technique
utilizes a piezodriver to position a pipette, having a 100 nm aperture and doped at the tip with
organic molecules, tens of nanometers above a polymer film. The pipette is subsequently irradiated
using 3 ns(full width at half maximum laser pulses guided down to the tip by a fiber optic. This
method of ablation confinement gives fine spatial control for placing functional organic molecules
in a designated region and will have applications in optoelectronics. It could also be applied to drug
delivery or biotechnology, because in principle, different molecules of diverse function can be
manipulated in the same way for various purposes. 2@1 American Institute of Physics.
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INTRODUCTION technology to deliver the desired chemicals to specified re-
gions in a living cell or in biological material such as chro-
Laser ablation has been proven to be a key player itmosomes.
many fields of engineerinjLaser ablation and later, laser In our work on mechanical confinement of the ablation
implantation, have been used to produce features in polymdirocess using glass pipettes having apertures of 100 nm, we
films and surfaces limited by the wavelength and beam dihave combined laser implantation and laser ablation to ad-
mensions of the excitation light employ&d® however, Vvantage and developed a method to create implanted features
technology requires the further confinement of patterning?d clusters having size in the order of hundreds of nanom-
processes in order to realize the promise of the potential th&t€rs- In this way, we hope to pave the way for laser ablation
nanotechnology offers. For this purpose, we have developeﬁnd implantation to enter the realm of nanoengineering. Es-

several techniques to reduce the size of patterning that can t?rga r:;'?g?’ avxg Cﬁgzzad?:L;ﬂeepirr:)?ﬁ:s:asng;onr]na;i :gangter:é T’;it
produced by laser light®'~*3Laser ablation has been suc- ; P 9

ul d to manioulate meMland semiconductor® essary fundamental parameters to understand in order to ad-
cessiuly used to manipuiate meteia - SEMICONAUCIOTS, =\ 4 nce this technology, and we consider these parameters in
however, it was laser ablative transtér’and later the laser-

) i ) A 113 molecular dynamics simulation of the expulsion of mol-
induced molecular implantation technigtié; that. ecules from a confined nanopipette.
proved to be the necessary developments for the manipula-

tion of functional organic molecules. Such molecular ma-

nipulation is, of course, necessary if we are to develop th&XPERIMENT

nanoscale molecular devices that are required for the, ever A conceptual sketch of the method used in this work is
diminishing, size of optoelectronics. Nanoscale moleculakshown in Fig. 1. The development of the apparatus used in
manipulation will also have applications in the field of bio- this study has been previously describ&& but briefly con-
sists of a pipette having a 100 nm opening positioned 30-50
dAuthor to whom correspondence should be addressed; electronic maif!M above a polymer film USing a shear force feedback con-
fukumura@orgphys.chem.tohoku.ac.jp trolled piezodriver. A fiber optic guides laser light of a suit-
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FIG. 2. (a) Transmitted light from a doped pipette tip arfld) from an

undoped pipette tip.

very end region of the pipette tip. This necessarily means
Dopant Molecules that light propagates to the end of the tip via partial internal
Polymer Film reflection in the walls of the pipette with leaked light form-
ing the interference fringes. Conversely, for C545 doped pi-
pette tips the interference fringes stop short of the end of the

FIG. 1. Conceptual sketch of the apparatus used for nanojet implantationti? Mmeaning that the light has been absorbed by the dopant
molecules (having a higher refractive index than glass

able wavelength selected by an optical parametric oscillator
into the pipette tip to irradiate moleculegdicyano-
anthracendDCNA) and coumarin 54%C545, see Diagram

1)

S CN
V.
N
C545 CN DCNA

in the form of nanocrystals doped at the pipette tip by slow
evaporation from solution. The irradiated crystals are photo-
thermally expelled from the tip as a nanojet of gaseous anc
molten material that are then quenched on the surface of :
polymer film where they either form aggregates or melt into
the polymer depending on the laser fluence.

Previously, we described the formation of fluorescent
features created using this method having dimensions appa
ently in the range of several hundreds of nanoméfensw-
ever, the exact size of the fluorescent feature and the cond
tion of the polymer were unknown, as was the manner in
which the light itself propagates inside a nanopipette and thd
manner of material expulsion. A feature of our apparatus i
the ability to interrogate the polymer surface and determine
the molecular distribution of ablated material using scanning
near-field optical microscopyfluorescence and atomic-
force microscopy(AFM). An approach to assist our under-
standing of such nanoscale processes is the simulation d
laser-induced molecular expulsion from a doped nanopipettd
with a breathing sphere molecular dynamics model.

Fig. 3a)

DISCUSSION

To investigate the manner in which light propagates in
doped and undoped nanopipettes having tip dimensions o
100 nm, we photographed interference patterns formed by
488 nm light from an Af laser that had traveled inside the
pipette and then exited formlng an image on a tranSparerflth. 3. (Colon (a) Topographical image of an implanted C545 nanodot

p!ate. Thesg piCtU_res are shown in Fig. 2. Undqped pipetteSeated with ten pulses of 200 mJ (500 nm laser light.(b) The fluo-
give a coaxial series of interference fringes starting from theescence intensity image of the same region.

Fig. 3(b)
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FIG. 4. Fluorescence intensity profile with a Gaussian fit Ke-K;
X exp—[(x—2.36)/0.42 (solid line).

through the walls of the pipette. This result explains why
light can propagate far enough into the tip to excite dopant
molecules even though the tip opening, where the molecule
are positioned, is of sub-light-wavelength dimensions. FIG. 6. (Color Polymer surface after nanoclusters have been displaced
As mentioned above, once excited the dopant moleculeghowing thermal damage.
are photothermally expelled towards the polymer film, creat-
ing fluorescent regions on the polymer surface. The finaPette tip but could subsequently be moved and manipulated
nature of the dopant molecules and the affected polymer revith an AFM tip.
gion depends strongly upon the applied laser fluence. After ~ Figure a) shows a series of C545 clusters and Figp) 5
irradiation by ten laser pulses with a wavelength of 500 nmshows the same polymer region after the lower cluster has
and a fluence of 200 mJ ¢y fluorescent C545 molecules been selectively displaced by the AFM tip. Once these mov-
form fixed dots at the polymer surface with a small degree ofble clusters had been displaced, the polymer surface could
thermal damage to the polymer concomitantly occurringe examined for thermal damage. Such a polymer region is
This is shown in Fig. 3. The topographical image corre-shown in Fig. 6. It was found that the area that was under the
sponds to a maximum deformation height of only 50 nm inclusters had become slightly deformed with pits forming
the implanted region. As we show in Fig. 4, the fluorescencavhere the cluster had landed. The cluster had obviously con-
intensity distribution from the spot of C545 can be approxi-tained sufficient thermal energy upon arrival at the surface to
mated as Gaussian, and for a convenient definition of the sizé@mage the polymer although C545 molecules from the clus-
of the molecular implantation spot we use the full width atter did not enter the polymer by thermal diffusion as no
half maximum(FWHM) of the fitted Gaussian distribution. observable fluorescence was emitted from these same re-

Hence, the size of the smallest implantéiked) spot was gions after the cluster was removed.
estimated to be 670 nm. The size of the cluster is obtained again from the FWHM

Figure 4 clearly demonstrates the ability of this methodof @ Gaussian function fitted to its fluorescence intensity pro-
to create nanoregions of functiona”zﬁhﬂoresce@tp0|ymer file, and in the case of the cluster shown in Fig. 7, this cor-
surfaces with little collateral damage to the polymer occurfeésponds to a cluster diameter of 450 nm.
ring and indisputably demonstrates the coupling of ablative ~ Here we note three distinct regimes of laser fluence that
implantation techniques to the nanodomain. This is théave been experimentally found:

smallest implanted feature of functional organic molecules(l) Subejection thresholébelow 140 mJcm?), where the

created so far. _ _ _ laser fluence was insufficient for molecular transfer to
As a further facet of this technique, we found that using o polymer target surface.

~2
lower laser fluencg140 mJcm®, 10 shots, 500 nmwe (o) Nanocluster formatioiaround 140 mJ cirf), where the
were even able to make nanoclusters of fluorescent material. | car fluence was sufficient to eject material, but the ma-

These clusters formed on the polymer surface below the pi-  ;qiial was insufficiently “hot” to become thermally dis-
persed, adhered to, or mixed with the polymer.

360x10°

1.0 15 20 25 30 35 4.0
distance/um

FIG. 5. (a) Series of C545 clusters produced by irradiation with ten pulses
of 140 mJ cm? (500 nm) light. (b) The same polymer region after the lower FIG. 7. Fluorescence profile of a movable cluster with a Gaussian Kt to
cluster has been selectively displaced by the AFM tip. + K, exp—[(x—2.43)/0.2722 (solid line).
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FIG. 8. (Color) Snapshots from the simulations of molecular ejection from
an irradiated pipette tip. The laser pulse duration is 100 ps and the ener

density deposited by the laser was 2.9 kJThol

Jns
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(3) Implantation (around 200 mJcif), where the ejected
material was “hot” enough to become implanted into the
surface region of the polymer target.

In order to gain a qualitative understanding of the pro-
cesses leading to nanojet formation, implantation, and cluster
deposition, and to explain the strong fluence dependence and
thresholds of the transfer process, we performed a series of
simulations of molecular ejection from a doped nanopipette.
The simulations were performed using the breathing sphere
model® that has been developed for molecular dynamics
simulations of laser-induced processes in molecular systems.
This model has the advantage of addressing the effects of
laser irradiation at adequately long scales of time and length
while incorporating a realistic description of energy relax-
ation of individual molecules internally excited by photon
absorption®=2! In the present work the parameters for the
intermolecular potential in the breathing sphere model are
chosen to reproduce the density g cmi °) and the melting
point (250 °Q of C545 molecular solid and a mass of 374
Daltons is attributed to each molecule.

The initial system in the simulations is similar to the one
shown in Fig. 1. Molecular material is located in the tip of a
rigid pipette and the pipette is positioned 45 nm above the
substrate. The size of the pipette and the pulse duration are
scaled down in order to reduce computational time. The
opening of the pipette tip of 28 nm and the laser pulse dura-
tion of 100 ps were chosen in order to make sure that the

g§imulations are in the same physical regime of thermal

FIG. 9. (Color) Snapshots from the
simulations of molecular ejection from
an irradiated pipette tip. The laser
pulse duration is 100 ps and the energy
density deposited by the laser pulse
was 3.4 kJ molt.
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the tip. Interestingly, the simulation shown in Fig. 8 demon-
strates that at these lower fluences the expulsion force pro-
vided by the release of the gas-phase molecules is not suffi-
cient for the ejection of a liquid droplet and the initial
formation of a liquid drop is followed by the retraction of the
liquid back into the tip due to the dominant forces of surface
tension.

At higher fluences, the laser-induced heating is stronger
and the resulting number of gas-phase molecules becomes
larger. As a result, a nanojet of molecular liquid and gas is
ejected from the tip as shown in Fig. 9. In this simulation the
bulk part of the ejected material forms a compact liquid
bridge all the way from the tip of the pipette to the substrate.
The bridge breaks after 2 ns forming a drop at the substrate.
Fast cooling of the droplet due to evaporation and heat con-
duction to the substrate would lead to the formation of a
compact nondispersed nanocluster exactly as we observed
experimentally at the subimplantation fluence in Fig. 5.

Further increase of laser fluence leads to stronger heating
and explosive boiling of the molecular material in the pipette
tip. A hot mixture of gas-phase molecules and small clusters
is ejected from the tip at these higher fluences as shown in
Fig. 10. Although we do not simulate the actual implantation
step in this work and the substrate is represented by a rigid
molecular monolayer, we can easily extrapolate that with
these high temperatures and velocities of the ejected material
(up to 1000 m/s in the front of the ejection plume fast
transient melting of the exposed polymer surface region and
FIG. 10. (Color) Snapshots from the simulations of molecular ejection from an efficient |mplantat|on of the _dopaqt mOIeCUI?S would oc-
an irradiated pipette tip. The laser pulse duration is 100 ps and the energgUl- The experimentally determined size of the implanted dot
density deposited by the laser pulse was 5.8 kJThol shown in Figs. 3 and 4 is easily explained when considering
the simulation in Fig. 10, which shows that a large area of
the polymer substrate is exposed to the hot and mainly gas-
feous material.

Experimentally, at fluences higher than 200 mJ énthe

confinement=?! as the experiments. The pulse duration o

100 ps is longer than the time required for relaxation of

laser-induced thermoelastic stre€deand photomechanical PiPelte tip was itself ablated, resulting in glass debris on the
effects do not play any significant role in the material ejec_polymer surfac® and deposition of fluorescent material over

tion in the simulations as we assume to be the case in th@ [arge area covering more thanu. This result can easily
experiments. It has been demonstrated that in the regime be deduced from consideration of the simulations presented
thermal confinement it is the amount of energy deposited by?€re- , _ .
the laser pulse rather than the pulse duration that controls the [N the present case we have investigated nonbiological
desorption/ablation proce&%:22The above discussion justi- SYStems where material is transferred through an air atmo-

fies our comparison between the simulation and experiment@Phere to the target, but we envisage many uses in biotech-
data. nology where the target film may be a biocompatible poly-

Laser irradiation at a wavelength of 500 {48 e\j is ~ Mer or biological tissue doped with a specific molecular
simulated by vibrational excitation of molecules in the pi- Substance and where the gap between the target and the nan-
pette tip that are randomly chosen within the duration of thePPiP€tte would be an aqueous solution. In this case quench-
laser pulse. The total number of photons absorbed by thid ©f the ejected material would be more rapid and thermal
dopant molecules is determined by the incident laser fluencé@mage would be reduced compared to the present case.

and the absorption coefficient of C545.

“Snapshots” from §|mulat|ons at three dlffe_rent _Iaser CONCLUSION
fluences are shown in Figs. 8—10. Even a mere visual inspec-
tion of the snapshots reveals a strong fluence dependence of We have successfully brought the subjects of laser abla-
the molecular ejection process, and hence, the final state ¢ibn, laser ablative transfer, and laser implantation into the
the molecular material deposition at the substrate. We finshanoscale by doping a polymer with functional organic mol-
that at low laser fluence molecular material within the tipecules with fine spatial control to create fluorescent implants
melts and boils as the temperature of the molecular materiaf 670 nm in diameter and by forming movable fluorescent
in the tip increases above the boiling point. This leads to thelusters in the size range of 450 nm. The technology that we
expulsion of gas-phase molecules and molecular liquid fronhave developed will assist in the preparation of molecular
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