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Laser-Induced Ejection of Millimeter-Sized Liquid Droplet
from Metal Surface with a 1 Joule/Pulse ns-Laser
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The laser-induced cleaning of a liquid droplet from the surface of a solid substrate is an attractive application of laser technology. We report the laser-induced ejection of an organic carbonate
liquid droplet from an aluminum surface using a one Joule per pulse class nanosecond-pulsed laser.
The dynamic behavior of the liquid desorption was observed with a high-speed CCD camera. The
use of high-power laser equipment makes it possible to perform single-pass cleaning of large areas
on a solid surface with a non-contact process.
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2. Experimental Method
We used an aluminum plate (A1050, purity: >99.5%, 1
mm thick) as the solid substrate. The surface of the plate
originally had hairline polishing finish. The sample plate
was used as received, without further cleaning treatment
before the laser experiment. An organic carbonate (mixture
of equal amounts of ethyl-methyl-carbonate and ethylenecarbonate) liquid contaminant was selected. ca. 10 x 5 mm
liquid droplets were prepared on the metal surface using a
10 µL dropper.
The beam of a prototype nanosecond-pulsed laser (Hamamatsu Photonics K. K., wavelength: 1053 nm, pulseduration: 5.7 ns, pulse repetition rate: 1 Hz, laser pulse energy: 3 J pulse-1 – 0.5 J pulse-1) was incident on the surface
at an angle of 45° in ambient air (Fig. 1). As the laser beam
(original squire-shape beam size: 16 x 16 mm) was not focused with a lens onto the target plate, the laser fluence on
the surface was varied by changing the laser pulse energy
of the laser equipment.
The laser-induced ejection of the liquid droplet was observed using a high-speed CCD camera (Casio Computer
Co., Ltd., model: EXILIM EX-F1, frame rates: 30 fps and
300 fps). The surface morphological damage was observed
using SEM (Hitachi High-Technologies Co., model:
TM3030, attachment: Energy Dispersive X-ray Spectrometer (Brucker: Quantax70)) and a 3D morphological measurement system (Keyence Co., model: VR-3000). The
transmission absorption spectrum of the liquid in the UVvisible-NIR region was obtained using a scanning spectrophotometer (Shimadzu Co., model: UV-3100PC)

1. Introduction
Laser-induced explosive vaporization is an attractive
surface cleaning technique for removing liquid contaminants from solid substrates [1]. Explosive vaporization of a
liquid at the surface of a metal film by pulsed laser irradiation was reported by A. C. Tam [2, 3]. Their pioneering
work used an optical probing technique to investigate liquid water and alcohols, elucidating the dynamics of transient liquid behavior at the metal-liquid interface. This provides a useful surface cleaning process for practical use.
Theoretical analysis of explosive vaporization was performed by B. J. Garrison [4]. Thermal expansion due to
laser heating was simulated by molecular dynamics modeling.
This technique can be applied, for instance, to cell assembling process of lithium-ion secondary batteries [5].
Electrolyte droplets are often deposited around an injection
hole during electrolyte filling into an aluminum case,
which induces porosity defects when a sealing cap is laserwelded to the aluminum case; these droplets should be removed before the laser-welding process.
In the present work, the laser-induced ejection of a millimeter-sized liquid droplet from a metal surface using a 1
Joule per pulse class nanosecond-pulsed laser was observed
by monitoring the transient dynamics with a high-speed
CCD camera. An organic carbonate liquid medium was
chosen because the industrial manufacturing of lithium-ion
batteries requires an effective non-contact cleaning method.
As discussed in the following sections, it is possible to perform non-contact single-pass cleaning of large areas on a
solid surface using high-power laser equipment.
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Laser irradiation: 45°

3. Results and Discussion
3.1 Laser-induced ejection of millimeter-sized liquid
droplets from an aluminum surface
Figure 2 shows a top-view CCD camera image of the
aluminum surface before and after laser irradiation at a
fluence of 0.8 J cm-2 (CCD frame rate: 30 fps). First, a 10
µL liquid droplet was placed on the aluminum plate (Fig.
1(a)). After the single-shot irradiation (Fig. 1(b)), most of
the liquid droplet was desorbed from the surface. Several
smaller droplets of the liquid were re-deposited around the
irradiated area (orange arrows in Fig. 1(b)). After a subsequent five-shot irradiation, the original droplet was eliminated from the surface (Fig. 1(c)). Thus, single-pass cleaning of a 1 cm2 area on the solid surface was performed by
laser irradiation.

Ambient air

Liquid
Al plate
Fig. 1 Side-view illustration of the experimental setup of laser
irradiation for liquid droplet ejection
(original laser beam size: 16 x 16 mm).

millimeter-sized liquid droplet and laser irradiation area

Laser beam
incident direction
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Fig. 2 Laser-induced ejection of a millimeter-sized liquid droplet from an aluminum metal surface with a nanosecond-laser at a fluence of
0.8 J cm-2 (original laser beam size: 16 x 16 mm). The CCD frame rate was 30 fps. (a) Before the laser irradiation (arrow: original
liquid droplet (volume: 10 µL), blue arrow: laser beam incident direction). (b) After 1-pulse laser irradiation (orange arrows indicate desorbed and redeposited smaller droplets on the surface). (c) After 5-pulse laser irradiation (orange arrows again indicate desorbed and redeposited smaller droplets on the surface).
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Fig. 3 Laser-induced ejection of a millimeter-sized liquid droplet from an aluminum metal surface with a nanosecond-laser at a fluence of
0.8 J cm-2 (original laser beam size: 16 x 16 mm). The CCD frame rate was 300 fps. (a) Before the laser irradiation. Original liquid
droplet volume: 10 µL. (b) During the laser irradiation of the first pulse. The bright square region is the laser-irradiated area. (blue arrow:
laser beam incident direction) (c) 3.3 ms after the laser irradiation (the next frame image after (b)). (d) 6.7 ms after the laser irradiation.
(e) 10 ms after the laser irradiation. (f) 16.7 ms after the laser irradiation. (g) 33.3 ms after the laser irradiation. (h) 53.3 ms after the laser
irradiation (red arrow and circle: a liquid droplet desorbed from the plate and re-deposited onto the CCD camera lens surface).
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Figure 3 shows top-view pictures of laser-induced ejection of a millimeter-sized liquid droplet observed with the
CCD camera (frame rate: 300 fps). The camera was placed
perpendicular to the irradiation area at a distance of 20 cm
from the target surface. After the laser irradiation of Fig.
3(b), splashes of tiny liquid droplets from the surface are
clearly observable in Fig. 3(c). Liquid jets from the surface
were detected up to 10 ms after the laser irradiation. In Figs.
3(f)-3(h), small droplets of ejected liquid are observable.
Notably, a droplet desorbed from the surface was deposited
on the surface of the CCD camera lens, indicating that the
droplet ejection speed in air was approximately 4 m s-1.
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Fig. 5 Transmission absorption spectrum of the liquid in the UVvisible-near IR region (liquid thickness: 0.1 mm).

3.2 Mechanism of laser ejection behavior
By laser irradiation of the bare aluminum plate without
a liquid droplet in ambient air, the surface melting threshold fluence of the plate was estimated to be 1 J cm-2 (Table
1). After laser irradiation with a fluence below 1 J cm-2 in
air, no morphological changes were observed on the surface of the aluminum plate.
On the other hand, the threshold fluence for the ejection
of the liquid from the aluminum surface was observed to be
0.6 J cm-2. Therefore, laser fluences of 0.6 and 0.8 J cm-2
(at and above the liquid ejection threshold, but below the
melting threshold for the metal) were employed in this experiment.
Table 1

Laser wavelength

1

600 µm
(a)

Threshold fluences of laser irradiation phenomena.

Laser irradiation phenomenon in air

Threshold laser fluence

Melting of bare aluminum
plate without liquid

1 J cm-2

Ejection of carbonate liquid
from aluminum plate

0.6 J cm-2

(b)
Fig. 6 Morphological damage observed in the droplet-ejected area
of the metal surface after liquid ejection by single-pulse laser
irradiation at a fluence of 0.8 J cm-2. (a) Top-view of optical micrograph, (b) 3D morphological measurement.
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Fig. 4 Laser-induced ejection of a millimeter-sized liquid droplet from an aluminum metal surface using a ns-laser at a fluence of 0.6 J
cm-2 (original laser beam size: 16 x 16 mm). The CCD frame rate was 30 fps. (a) Before laser irradiation (arrow: original liquid
droplet (volume: 10 µL), blue arrow: laser beam incident direction). (b) After 1-pulse laser irradiation (orange arrows: ejected and redeposited microdroplets on the surface). (c) After 2-pulse laser irradiation (orange arrows: ejected and re-deposited droplets on the surface). (d) After 5-pulse laser irradiation (orange arrows: ejected and re-deposited droplets on the surface).
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surface of the aluminum plate. Boiling of the transparent
liquid was induced at the interface between the metal plate
and the droplet because the boiling point of the liquid
(ethyl-methyl-carbonate (b.p.= 107°C) and ethylenecarbonate (b.p.= 244°C)) was much lower than the melting
point of aluminum (m.p.: 660°C).
When the laser irradiation was performed with a fluence of 0.8 J cm-2, explosive boiling at the interface induced desorption of the droplet from the plate. The present
results suggest that an optimized laser fluence below the
surface damage threshold of the aluminum plate can effectively induce single-pass cleaning of large liquid droplets
from a metal surface.
Figures 6 and 7 show shallow morphological damage
observed in the droplet-ejected area of the metal surface
after liquid ejection at a fluence of 0.8 J cm-2. These phenomena suggest that the incident laser beam may have been
slightly focused by the droplet onto the metal surface.
When the laser irradiation was performed at fluences above
1 J cm-2, both severe damage to the metal surface and liquid vaporization were observed.

100 µm

4. Summary
We investigated laser-induced ejection of a millimetersized liquid droplet from an aluminum metal surface with a
high-power ns-laser. The original droplet was successfully
eliminated from its initial position on the surface with negligible damage to the laser-irradiated area of the metal. Using high-power laser equipment, we have demonstrated that
it is possible to perform non-contact single-pass cleaning of
a large area on a solid surface in ambient atmosphere.

30 µm
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Fig. 7 SEM images of the ejected droplet area on the aluminum
surface at three different magnifications (after single-pulse laser
irradiation at a fluence of 0.8 J cm-2).
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The liquid droplet behavior on the plate surface at the
threshold fluence of 0.6 J cm-2 is shown in Fig. 4. Most of
the liquid droplet remained at the original position on the
surface, even after 5-pulse laser irradiation (Figs. 4(b)–
4(d)). Some micro-vapor bubbles were produced in the
liquid at the original position by the laser irradiation.
As the laser with a wavelength of 1053 nm was not
photo-absorbed by the liquid (the absorption spectrum of
the liquid is shown in Fig. 5), the laser beam was able to
reach the surface of the aluminum plate through the transparent liquid, as shown in Fig. 1. A rapid temperature increase caused by the laser irradiation would occur at the
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