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A laser-driven optical atomizer: photothermal
generation and transport of zeptoliter-droplets
along a carbon nanotube deposited hollow optical
�ber†
Hyeonwoo Lee, a Mikko Partanen, a,b Mingyu Lee,a Sunghoon Jeong,a

Hyeung Joo Lee,a Kwanpyo Kim,c,d Wonhyoung Ryu, *e Kishan Dholakia*a,f and
Kyunghwan Oh *a

From mechanical syringes to electric �eld-assisted injection devices, precise control of liquid droplet
generation has been sought after, and the present state-of-the-art technologies have provided droplets
ranging from nanoliter to subpicoliter volume sizes. In this study, we present a new laser-driven method
to generate liquid droplets with a zeptoliter volume, breaking the fundamental limits of previous studies.
We guided an infrared laser beam through a hollow optical �ber (HOF) with a ring core whose end facet
was coated with single-walled carbon nanotubes. The laser light was absorbed by this nanotube �lm and
e�ciently generated a highly localized microring heat source. This evaporated the liquid inside the HOF,
which rapidly recondensed into zeptoliter droplets in the surrounding air at room temperature. We spec-
troscopically con�rmed the chemical structures of the liquid precursor maintained in the droplets by ato-
mizing dye-dissolved glycerol. Moreover, we explain the fundamental physical principles as well as func-
tionalities of the optical atomizer and perform a detailed characterization of the droplets. Our approach
has strong prospects for nanoscale delivery of biochemical substances in minuscule zeptoliter volumes.

Introduction
Controlling the diameter and volume of liquid droplets is a
fundamental and critical issue in various areas, such as fluid
mechanics, biochemistry, and environmental science.1–6 In
particular, the physical properties of liquid droplets with nano-
meter-scale maximize their potential to create academic break-
throughs. The rapid development of nanoscience has recently
realized this potential, and inducing novel magnetism and
specimen preparation for transmitting electronic microscopy
are their impactful precedents.7–10 Furthermore, current air-

borne plagues have created demands to emulate droplet gene-
ration from viscous bioliquids to investigate how the airborne
droplets behave.11–13 Systematic delivery of nano-micro viscous
droplets in ambient air can also benefit many interdisciplinary
research fields, such as three-dimensional nano printing,
advanced molecular synthesis, and drug delivery.14–18

In response to these demands, various liquid jetting
systems have been developed, where liquid droplets have been
ejected and delivered through a nozzle to a target area with
droplet diameter/volume distributions artificially controlled by
physical impulses.19–21 These previous approaches commonly
require three driving mechanisms: (1) ejection of the liquid,
(2) formation of liquid droplets, and (3) delivery of the
droplets to the outer environment. Meanwhile, several driving
mechanisms, such as ultrasound,22,23 flow focusing,24,25 and
electrohydrodynamic jetting,26,27 have been investigated.
Nevertheless, they have failed to reach the single liquid droplet
volume in the zeptoliter regime, hindering the development of
high-resolution nanofluidics. These previous studies have fun-
damental limits in the relatively large form factor in the nozzle
and the requirements of high-energy physical impulses from
external sources.28–30 As an alternative driving mechanism, we
have recently investigated the feasibility of controlling the
liquid flow using continuous-wave (CW) milliwatt laser light in
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fiber optic geometry,31 which generated nanodroplets with a
zeptoliter volume scale.

In this study, we propose a novel method called a laser-
driven optical atomizer, providing a consistent and repeatable
means for droplet generation in a compact all-fiber platform,
droplet delivery through the air, and its deposition on a target.
We successfully generated liquid droplets whose diameter is in
the nanometer range with a single liquid volume scale of zep-
toliters. This is the first time such a small volume has been
realized on a spray platform. It is well-known that single-
walled carbon nanotubes (SWCNTs) work as a perfect light
absorber in a wide spectral range from ultraviolet to
infrared.32,33 In this study, we optically deposited SWCNTs at
the end of a hollow optical fiber (HOF) with a ring core as a
film. We launched a CW infrared laser beam (of milliwatts
power) through the HOF. The optical energy of over 90% was
absorbed by this carbon nanotube film, e�ciently generating
a highly localized microring heat source. After launching the
laser, the liquid inside the HOF was heated and evaporated,
which rapidly recondensed into zeptoliter droplets at room
temperature in the air.34,35 The droplets were delivered over a
spherical surface in a well-defined conical geometry over a few
hundred micrometers from the end of the HOF. The diameter
of the area covered by zeptoliter droplets on a target Si–SiOx

wafer was of the order of a few hundred micrometers, which
can be further varied by the distance between the HOF end
facet and the wafer, as well as the laser power. Additionally, we
confirmed that the chemical composition of the droplets was
identical to the bulk liquid precursor by applying spectro-
scopic analyses, such as fluorescent measurement and Raman
spectroscopy. This indicates that the proposed method has
excellent prospects for liquid chemical delivery at the nano-
scale. The proposed method provides new insight into liquid
control physics and droplet manipulation technology.
Additionally, the simple all-fiber geometry may enable in situ
real-time applications in microscopic in vivo environments in a
minimally invasive manner.36,37 In the following sections, we
describe the physical principles of operation of this all-fiber
laser-driven atomizer and discuss the droplet generation and
transport characteristics.

Results and discussion
Structure and physical mechanism of the optical atomizer

The laser-driven optical atomizer’s structure consists of three
parts: (1) HOF with a central air hole serving as a liquid reser-
voir and a high refractive index ring core as a laser wave-
guide,38 (2) SWCNTs are deposited on the end facet of HOF
serving as a film acting as a microring heater by absorbing
laser light, and (3) a fiber-coupled laser diode (LD) emitting at
� = 976 nm with a power ranging up to tens of milliwatts. This
structure is schematically shown in Fig. 1(a). HOF is fusion
spliced to a single-mode fiber (SMF) to adiabatically convert
the fundamental mode of SMF to a ring mode of HOF with a
low loss.38 The laser from LD propagates from SMF to HOF,

and it is absorbed by carbon nanotube thin film to make a
ring-shaped micro-heater. See the right inset of Fig. 1(a).

The liquid glycerol was filled in the central hole of HOF by
the capillary force and expelled by a combination of the vapor
pressure of the photothermally heated liquid and the air
pressure remnant inside the HOF air hole. The droplets from
the end facet and air–liquid interface inside HOF were moni-
tored using separate optical microscopes to investigate the
droplet transport and liquid dispensation, respectively. The
droplets were targeted to a Si–SiOx wafer at room temperature
and collected to investigate the spatial distribution of droplet
sizes.

Fabrication of the all-fiber optical atomizer

Scheme 1 shows that one end of HOF was adiabatically fusion
spliced with SMF (Corning HI1060), as presented in Fig. 1(b).
The HOF used in this study has a central air hole and ring core
outer diameters of 8 and 11 �m, respectively as illustrated in
Fig. 1(c). The SMF was connected to LD with a very low loss of
less than 1 dB. The other end of HOF was cleaved vertically
using an ultrasound cleaver, and the total HOF length in the
atomizer was approximately 5 mm. The cleaved end was
immersed in an SWCNT colloidal suspension (Sigma-Aldrich,

Fig. 1 (a) Schematic of the optical atomizer. The liquid inside the HOF
is vaporized by the photothermal e�ect of SWCNTs and recondensed to
form nanodroplets. The air–liquid interface goes down as the liquid is
ejected. The inset represents the temperature distribution as a function
of the position nearby the SWCNT–SiO2 NPs layer. Optical microscope
image of the end facet of (b) SMF and (c) the HOF. (d) Scanning electron
microscope image of the optical atomizer after the optical deposition of
SWCNTs and (e) it’s magni�ed image near the central hole. (f ) Scanning
electron microscope image of the optical atomizer after the optical
deposition of SiO2 NPs and (g) it’s magni�ed image near the central
hole.
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Cat. No. 805033). The concentration was 0.17 g L�1 in di-
methylformamide (Sigma-Aldrich), and the ultrasonic hom-
ogenizer dispersed SWCNTs. Approximately 100 mW laser was
launched into the core of the optical fibers for an hour while
keeping the HOF inside the solution. SWCNT flakes were de-
posited near the ring core at the end facet by the optical gradi-
ent force, consistent with the previously reported optical depo-
sition of SWCNTs on an optical fiber.39,40 Fig. 1(d, e) show the
scanning electron microscope (SEM) images of the prepared
fiber facet. Over the SWCNT thin film, we subsequently de-
posited SiO2 nanoparticles (SiO2 NPs, PlasmaChem GmbH)
with an average diameter of 20 nm to reduce the hydrophobi-
city of the SWCNT deposited surface.41–44 We immersed the
prepared fiber facet into SiO2 nanoparticle colloidal suspen-
sion. SiO2 particles were loaded approximately 17 mg L�1 in
deionized water. We also launched a laser of approximately
500 �W to HOF for 5 s. This process is necessary to facilitate
the liquid filling into HOF since hydrophobic SWCNT film
competes with the capillary force, repelling the liquid from the
HOF end face.41–44 Fig. 1(f and g) show the SEM image of the
optical atomizer after SiO2 NPs deposition. The laser light
absorption A through the prepared SWCNT deposited HOF
was approximately 93%, providing an e�cient photothermal
conversion. The thickness of SWCNT thin film zSWCNTs was
estimated as 60 nm using the reported SWCNT absorption
coe�cient � of approximately 4.2 × 105 cm�1 and eqn (1),
which is derived from the Beer–Lambert law.33,45–47

A … ð1 � expð��zSWCNTsÞÞ: ð1Þ

We filled the prepared HOF tip using the capillary force by
dipping HOF into the liquid reservoir. The volume of a liquid
filled inside the fiber is only a few hundred picoliters. A liquid
with a high vapor pressure of more than 0.004 kPa at 25 °C,
such as water or alcohol, rapidly evaporates within a few
seconds at a normal humidity of approximately 40%.48,49

Appropriate chemicals may be added to decrease the vapor
pressure of these liquids. We successfully atomized low vapor
pressure viscous liquids, such as oleic acid and triethylene
glycol. Details of these studies will be described in a separate
paper.50,51 In this paper, we specifically chose glycerol with a
high viscosity, causing technical challenges in previous atomi-
zers despite its various potential applications in biochemical
technologies.52–54 Note that HOF was not completely filled by
glycerol, but air with a volume of approximately 238 pl
remained inside, providing approximately 5.5 kPa outward

pressure to the liquid. This pressure is attributed to one of the
main driving forces to eject and deliver the droplets.

Liquid droplet generation and transport in the all-fiber optical
atomizer

We discovered that two air–liquid interfaces were created inside
the HOF at the inner part (called interface-1) and at the end facet
of the fiber (called interface-2). These served as good functional
indicators of our optical atomizer. Fig. 2(a) shows that the two
interfaces behaved predictably for an absorbed laser power of less
than 20 mW. To examine the capability of the optical atomizer,
we used a bright-field optical microscope to monitor interface-1.
The image sensor was synchronized with the LD driver to start
the video recording simultaneously with the laser irradiation. We
varied the absorbed laser power from 0 to 19 mW. We used
another optical microscope near the end facet to observe inter-
face-2 and droplet generation from HOF and its transport in air.

Consequently, we obtained that the proposed optical atomi-
zer required a certain amount of laser power for the operation to
heat the glycerol above its evaporation temperature. Specifically,
to eject the liquid inside the HOF, the SWCNT heater must
induce a vapor pressure Pvapor exceeding the pressure Pcapillary of
the air–liquid interface-2. We define such a moment as the ejec-
tion initiating time ti. Here the Laplace–Young equation can
express Pcapillary, which is a function of the hole radius Rhole of
HOF, surface tension of the liquid �, and contact angle of liquid �
inside the capillary, as shown in eqn (2).55

Pcapillary … 2�cos �=Rhole < PvaporðtiÞ: ð2Þ

Theoretical analysis with solutions of the heat equation is
provided in ESI.† Experimentally, there existed a temporal

Fig. 2 (a) Air–liquid interfaces for measuring opto�uidic properties of
the optical atomizer. The enlarged bright-�eld microscope image shows
the liquid �lled inside the capillary of HOF. (b) The ejection volume rate
and ejection initiating time as a function of the laser power absorbed by
the SWCNT thin �lm. (c–f ) The nanodroplets from the atomizer were
recorded using a high-speed camera. The absorbed laser power is
19 mW.

Scheme 1 Fabrication process of the optical atomizer.
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