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We developed adjustable and movable droplet microlenses consisting of a liquid with a high refractive index. The
microlenses were prepared via ultrasonic shaking in deionized water, and the diameter of the microlenses ranged
from 1 to 50 pm. By stretching the microlenses, the focal length can be adjusted from 13 to 25 pm. With the
assistance of an optical tweezer, controllable assembly and movement of microlens arrays were also realized. The
results showed that an imaging system combined with droplet microlenses could image 80 nm beads under white
light illumination. Using the droplet microlenses, fluorescence emission at 550 nm from CdSe@ZnS quantum
dots was efficiently excited and collected. Moreover, Raman scattering signals from a silicon wafer were enhanced
by ~19 times. The presented droplet microlenses may offer new opportunities for flexible liquid devices in

subwavelength imaging and detection.

https://doi.org/10.1364/PRJ.377795

© 2020 Chinese Laser Press

1. INTRODUCTION

Dielectric microspheres have been extensively exploited as
promising materials for nano/microlens-assisted techniques
in biophotonics and chemistry [1-8]. Applications of dielectric
microspheres to enhance photon—matter interactions using sev-
eral extraordinary optical properties (photonic nanojets [9,10],
whispering-gallery modes [11], and directional antennas [12])
have been demonstrated, such as single molecule and nanopar-
ticle detection [2,13], nanopatterning [14], signal enhance-
ment [4,15-17], and performance improvement of optical
systems [18-20]. Profiting from the ability of focus properties
and near-field coupling of microspheres, subdiffraction imaging
can also be achieved without fluorescent labeling [1,21].
Traditional microsphere-assisted lenses are usually placed di-
rectly onto specimen surfaces [1,19,22]. To improve the mobil-
ity of the microlenses, some methods have been proposed, such
as fixing a microsphere at the end of a rod-shaped microstruc-
ture [23,24], a Janus microsphere lens as a microrobot that is
powered by local catalytic reactions [25], and combining a
microsphere with an atomic force microscope cantilever to im-
prove the sensitivity of the detection system [26,27]. However,
because the field of view is confined by the microsphere size
[22] while the resolving ability degenerates with the increment
of the microsphere diameter [28], single-microsphere lenses
hold either a very limited field of view or poor resolution.
Methods to form microsphere arrays have recently been pro-
posed to enhance the applicability of microsphere-assisted
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lenses. For example, by immersing self-assembled microsphere
arrays into elastomers to form microsphere-embedded films
[15,28], real-time biological imaging and enhanced Raman de-
tection of multiple specimens can be achieved. Also, micro-
sphere arrays patterned in a microfabricated well template
have been employed for immunofluorescent detection in aque-
ous systems [29]. Although the microsphere arrays can over-
come the dilemma of the field of view and the resolving
ability, the arrays were usually fixed in a pattern on a substrate
so that they face the challenge in flexible manipulation to se-
lectively image and detect specific objects, especially when the
objects are highly dispersed in a large area of the sample.
Moreover, because most reported dielectric microspheres are
composed of solid materials [SiO,, polystyrene (PS), barium
titanate glass, etc.], they have fixed focal lengths (L) and mag-
nifications and, therefore, cannot be adjusted to image or detect
objects that have diverse shapes, sizes, or multilayers.

With their ability to trap and manipulate small objects, op-
tical tweezers (OT's) have become a powerful tool for noncon-
tact assembly of multiple micro/nanostructures [30-34]. OT's
have been successfully combined with single microspheres to
achieve surface imaging [35] and near-field Raman imaging
[3]. Assembly of microspheres by OTs avoids the use of any
fixed patterns or substrates, and the manipulation is also effec-
tive to small droplets that can be deformed to act as adjustable
microlenses.

In this work, we demonstrate adjustable and movable
droplet microlenses of liquids with high refractive indices (7)
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assembled and manipulated by OTs. The droplet microlenses
are prepared by ultrasonic shaking in deionized water, and the L
of the microlenses can be adjusted by horizontally stretching
the droplets. Microlens arrays are assembled and manipulated
with the assistance of OTs, and the magnification and effective
numerical aperture (NAg) of the microlenses are investigated
by direct imaging with label-free samples. The microlenses are
also employed to excite and collect fluorescence emission from
quantum dot (QD) clusters and to enhance Raman scattering
signals from a silicon (Si) wafer. The results indicate that the
presented method may help to develop flexible liquid devices
for imaging and detection at a subwavelength scale.

2. RESULTS AND DISCUSSION

A. Droplet Preparation and Experimental Setup

The droplets used in this work were prepared by an emulsion
process [36], as schematically depicted in Fig. 1(a). First,
I-bromonaphthalene (C,yH;Br, 95%, 200 pL) was added
dropwise into deionized water (1 mL) in vitro at 22°C. The
mixture was then shaken in an ultrasonic bath at a frequency
of 80 kHz for 5 min. C;yH;Br is usually used as a material of
oil-immersion objective because of the high refractive index
(n = 1.66), optical transparency (see Fig. 7 in Appendix A for
the transmittance spectrum of C;yH-Br), and chemical inert-
ness. After that, the C;yH,Br was emulsified to form droplet
microlenses in spheroids of different sizes in deionized water,
with diameters (D) ranging from ~1 to ~50 pum [Fig. 1(b); see
Appendix B for further details]. To investigate the focusing
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Fig. 1. Droplet preparation and experimental setup. (a) Preparation
process of the droplet microlenses. (b) Optical microscope images of
the droplet microlenses showing they are spheroids of different sizes.
(c) Schematic of the experimental setup. The inset shows a schematic
of the microlens deformation.
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ability of the droplet microlenses, the experimental setup was
constructed as schematically shown in Fig. 1(c). An optical mi-
croscope (Union, HISOMET II-DH II) with a CCD camera
(Sony iCY-SHOT, DXC-§500) was used for morphological
observation and measurements. The suspension of the droplet
microlenses in water was added dropwise onto a glass slide
placed on a translation stage. Two fiber probes (see Appendix C
for the fabrication) were mounted on two tunable fiber posi-
tioners (precision, 50 nm), as shown in the inset of Fig. 1(c).
The probe tips were introduced into the suspension and could
be adhered to a targeted droplet microlens. By adjusting the
fiber positioner, we could draw the probes sideways so that
the droplet microlens was controllably stretched.

B. Focusing of the Droplet Microlenses of Different
Sizes and Shapes

Direct observation of the focusing of the droplet microlenses
was achieved via the Tyndall effect. A solution of PS nanopar-
ticles (concentration, 44.2 mg/mL; diameter, 100 nm, 5 pL)
was added dropwise onto the suspension of droplet microlenses
(100 pL) on the glass slide. Laser beams at the wavelength of
473 nm were injected into an extra fiber probe (FP1) that was
introduced into the suspension in the direction indicated by the
blue arrow in Figs. 2(al) and 2(b1). Output beams from the
probe were used as the illumination to the targeted microlens.
The size of the laser beam was approximately 10 pm, and the
light beam was collimated by a fiber collimator. The distance
between the probe tip and targeted microlens was 40 pm. For
spherical targeted microlenses with diameters of 8, 12, and
16 pm, the focusing effect of incident light was directly ob-
served at the rear of the microlens by injecting a beam with an
intensity of 230 pW at 473 nm into the probe [Fig. 2(a)],
revealing L of 8.1, 13.3, and 21.1 pm, respectively. The focal
length was measured with an image processing method. First,
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Fig. 2. Focusing of the droplet microlenses in different sizes.
(a) Optical microscope images of microlenses with diameters D of
(al) 8, (a2) 12, and (a3) 16 pm. (b) Simulated energy density distri-
bution for each microlens. (c) L as a function of D at a fixed wave-
length of 473 nm. (d) Waist radius (w) as a function of D at a fixed
wavelength of 473 nm.
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the intensity of light spots of Figs. 2(a) was calculated by per-
forming three-dimensional color mapping using MATLAB
software. Then, the focal length was obtained by measuring
the distance between the strongest intensity point on the opti-
cal axis of the focused beam and the center of the droplet micro-
lens. The precision of the measurement was £250 nm.

The focusing of the microlenses was also numerically inves-
tigated by simulations with a two-dimensional finite-element
method (FEM, COMSOL Multiphysics 5.3); the correspond-
ing field distributions are shown in Fig. 2(b). The FEM sim-
ulations were performed with the RF module of COMSOL
Multiphysics 5.3. The refractive indices of the microlens
and surrounding region were set as 1.66 and 1.33, respectively.
A free triangular mesh with maximum element size of the
incident wavelength 1/7 was set for the whole regions. A radi-
ation boundary was set as the incident wave, and scattering
boundary conditions were used for all other boundaries.
From a series of FEM simulations, L as a function of D at
a fixed wavelength (473 nm) was obtained [Fig. 2(c)]. The focal
spot size of the output beam was described by the waist radius,
which is half the diameter of the focal spot size and measured at
1/e from the maximum height. Waist radius (w) of each output
beam from the microlenses was also determined, as shown in
Fig. 2(d). At a fixed 1 of 473 nm, smaller microlenses provide
stronger light concentration [10]. In addition, the numerical
aperture (NA) = 7 sin 6 of the objective lens, 7 is the refrac-
tive index of the object space, € is half the maximum acceptance
cone of the objective lens to the optical axis, and the subwave-
length light confinement behind the microlens could be
achieved with the high NA of droplet microlens with high re-
fractive indices (n). Further, the output beams from the droplet
microlenses converge into photonic nanojets as those generated
by solid dielectric microspheres [9,13,37]. Note that the exper-
imental data of the waist radius w can also be obtained via the
microscope observation. However, the data of the waist radius
w have a relatively large deviation because the light spot size is
smaller than the input wavelength. To maintain the accuracy
and credibility of this work, the experimental data of w were
not included here.

To investigate the focusing of the droplet microlenses with
different shapes, the targeted microlens was stretched into an
ellipsoid by the fiber probes adhered to the droplet microlens
(Fig. 3). The two probes (FP2 and FP3) were manipulated by
the fiber positioners to simultaneously approach the upper and
lower sides of a targeted spherical droplet microlens with a
diameter of 12 pm [Fig. 3(al)] until the probes were adhered
to the microlens. Then, the spherical microlens, with a focal
length of 13.3 um at the incident wavelength 4 of 473 nm,
was vertically stretched into an ellipsoid with semimajor and
semiminor axes of 7.1 and 5.5 pm, respectively [Fig. 3(a2)],
and 8.6 and 5.0 pm [Fig. 3(a3)] by manipulating the probes
via the fiber positioners. Correspondingly, the focal lengths L of
the ellipsoidal microlenses at 4 = 473 nm became 17.9 and
25.0 pm. In our experiments, the focal length of the targeted
droplet microlens can be adjusted from 13.3 to 25.0 pm by this
stretching method. For convenience, the lengths of the semi-
major and semiminor axes of the ellipsoidal microlens are de-
noted by A and B, respectively, so that the ratio A/ B represents
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Fig. 3. Focusing of the droplet microlenses of different shapes.
(a) Optical microscope images of microlenses with shapes of (al) a
sphere with a diameter D of 12 pm, (a2) an ellipsoid with a ratio be-
tween the semimajor and semiminor axes (4/B) of 1.3, and (a3) an
ellipsoid with A/B = 1.7. (b) Simulated energy density distribution
for each microlens. (c) Focal length L and waist radius (w) of the out-
put beams as functions of A/B at a fixed wavelength of 473 nm.

the stretching extent of the microlens. The field distributions of
the ellipsoidal microlenses were also obtained by FEM simu-
lations [Fig. 3(b)], indicating that the focus shifts forward along
the propagation direction with the increase of A/B. With FEM
simulations, the focal lengths L and the waist radius w of the
output beams as functions of A/B at a fixed wavelength
(473 nm) were also obtained [Fig. 3(c)]. Note that when
A/ B reached above 1.5, the value of the w became larger than
the incident wavelength (473 nm). Excessive stretching when
the shape of the microlens changes from a sphere to an ellipsoid
led to considerable divergence of the output beams and will
slightly affect the detection and imaging performance of the
microlens [37,38]. Fortunately, the change rate of the w is
smaller than 0.12; thus, it will not influence obviously the im-
aging quality. Moreover, the effect of spherical aberration can be
negligible here because the imaging region of the sample was
located near the center of the microlens. In the center region,
no spherical aberration was observed in our experiments. But it
should be noted that the spherical aberration will occur near the
outer edge of the microlens because of its relatively large cur-
vature. Furthermore, the contacting points of the fiber probe
were located at the edge of the droplet microlens, and it will not
affect the imaging at the center region. Therefore, to minimize
the effects from the spherical aberration and the contacting
points of the fiber probes, the imaging sample should be placed
near the center of the droplet microlens.

C. Assembly and Manipulation of Microlens Arrays

We used a multiple-optical-trap system (Tweez250si) to assem-
ble and manipulate the droplet microlens arrays. A 60x water-
immersion inverted objective (NA, 1.0) and glass chamber
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containing the solution of the droplet microlenses were used in
the experiments [Fig. 4(a)]. In our experiment, the droplet mi-
crolenses with size ranging from 1 to 35 pm could be always
lifted by the OT. In this case, gravity and thermal (Brownian)
forces are the only forces to be compensated by the OT because
the microdroplets within this size range could suspend in the
deionized water and without adhesion to the substrate. The
height of the droplets was controlled by the OT. For larger
microdroplets (diameter >35 pm), they will possibly deposit
onto the surface of the substrate. To minimize the influence
of substrate on the trapping stability, the surface of the substrate
was modified with an oleophobic coating, which can effectively
avoid the adhesion between the microdroplets and the sub-
strate. To trap and manipulate the droplet microlenses with
diameters D of 1-50 pm, the power of the trapping laser
(at 1064 nm) was adjusted from 3 to 650 mW. The center
of the optical potential well, i.c., the focus of the trapping laser
beam, was moved to approach the droplet microlens. The tar-
geted microlens was then attracted toward the center of the
trapping light, and the gravity was counteracted by the optical
trapping force [Fig. 4(b)]. With the optical traps created by the
tweezers, the droplet movement was constrained within a cer-
tain region around the equilibrium point so that the Brownian
motion was also sufficiently suppressed, resulting in stable trap-
ping of the microlens (see Appendix D for the details of the
Brownian motion of the optically trapped microlenses).
Then, multiple optical traps arranged in an array were used

(@)

E NIR Apo
' 60></1.0wW
©/0 WD 28

~— .
o Research Article
—

to trap the microlenses and assemble them into a microlens
array [Fig. 4(c)]. The microlens array was able to be manipu-
lated by moving multiple optical traps. As an illustration, nine
droplet microlenses with the same D (6.8 &= 0.2 pm) were as-
sembled into a 3 x 3 array [Fig. 4(d); see Visualization 1 for
further details]. Note that microlens arrays consisting of drop-
lets in different sizes can also be assembled. For example, a4 x 7
array of microlenses with D of 6.2-9.5 pum arranged in
descending order was assembled and then shifted by moving
the optical traps [Figs. 4(e) and 4(f)]. Two droplets (R1 and
R2) that remained stationary at the bottom of the chamber
were regarded as reference points. A detailed demonstration
of the manipulation process is presented in Visualization 2.
In addition, in the OTSs system we used, 200 traps can be
formed simultaneously by using the acousto-optic deflector
(AOD). However, the maximum microlens array was limited
by the optical power of the trapping laser and the observation
field of the optical microscope. Therefore, in our experiments,
the maximum element that can be manipulated is approxi-
mately 80 (with diameter of 10 pm). The flexible assembly
and manipulation of the microlens arrays provide the possibility
to image and detect objects in large areas and at different depths
in samples.

D. Subwavelength Imaging
The droplet microlens was first applied to the imaging of the
gratings of a Blu-ray Disk (BD) by an optical microscope

Fig. 4. Microlens array assembly and manipulation. (a) Schematic of the optical trapping and manipulation system. (b) Optical trapping of a
single droplet microlens. (c) Optical trapping and manipulation of multiple droplet microlenses arranged in an array. (d) Optical microscope image
of a 3 x 3 array of droplet microlenses with the same diameter D of 6.8 £ 0.2 pm. (e), (f) Shifting of a 4 x 7 array of microlenses with D of 6.2—

9.5 pm arranged in descending order.
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(Hirox, KH-7700; objective, OL-350 II; WD = 10.6 mm)
without a tube lens, as depicted schematically in Fig. 5(a).
Under illumination, near-field evanescent waves that carried
high spatial frequency information of the sample are coupled
into the droplet microlens and transformed into propagating
waves for far-field observation [37,39]. In the experiments,
the suspension of droplet microlenses was directly added drop-
wise onto the surface of a BD with the protective layer re-
moved. The scanning electron microscopy (SEM) image of
the disk shows that the gratings have a width of 200 nm
and spacing of 100 nm [Fig. 5(b)]. Without the droplet micro-
lenses in the field of view of the microscope, the gratings of the
disk could not be resolved. With the presence of the droplet
microlenses with D of 4.8, 7.7, and 13.6 pm, the peaks of

adjacent gratings become discernible, and the measured
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distances between the adjacent peaks, i.e., the interval of the
gratings (), were 1.55 [Fig. 5(c)], 1.24 [Fig. 5(d)] and
1.19 pm [Fig. 5(e)], respectively. As the interval of the gratings
was 300 nm, the corresponding magnifications of the droplet
microlenses were thereby ~5.2x, ~4.1x, and ~4.0x. In the
Rayleigh’s criterion to distinguish two adjacent spots in an im-
age, the peak-valley ratio R,_, from the intensity profile of the
image should be larger than 20% [40]. As for the results pre-
sented in Figs. 5(c)-5(e), the values opr_,, are 51%, 45%, and
42% for the droplet microlenses with D of 4.8, 7.7, and
13.6 pm, respectively. Therefore, although the contrast of the
image was reduced due to the presence of the solution, the min-
imum feature size of the optical system combined with the
droplet microlenses was considered as better than 300 nm since
the values of R, , were all higher than 20%.
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Fig. 5. Subwavelength imaging. (a) Schematic of subwavelength imaging with the droplet microlens. (b) SEM image of the gratings of a com-
mercial Blu-ray Disk (BD). Optical microscope images of the BD gratings with the assistance of droplet microlenses with diameters of (c) 4.8,
(d) 7.7, and () 13.6 pm. (f) SEM image of the stack of PS nanoparticle layers formed by evaporation-induced assembly. Inset is a magnified view of
the PS nanoparticles. (g) Size distribution of the PS nanoparticles. (h) Optical microscope image of the PS nanoparticles obtained with the assistance
of a 2 x 2 microlens array. The inset shows the magnified imaging of the view field of the droplet microlens. (i) Intensity variation of (h) along the
transverse cross section through the center of two light spots (o and ) from the PS nanoparticles (D = 80 nm).
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To further investigate the imaging performance, the droplet
microlenses were also applied to the imaging of self-assembled
PS nanoparticles. The optical microscope used in our experi-
ment for imaging self-assembled PS nanoparticles has an in-
verted water-immersion objective (magnification = 60x and
NA = 1.0). There was no tube lens in the optical system. And,
the distance between the objective lens and samples was ap-
proximately 0.5 mm. The commercially available PS nanopar-
ticles (diameter, 80 nm), which were formed into a stack
of multiple layers by evaporation-induced assembly, were fixed
on the inner of the cover of chamber [Fig. 5(f); see Appendix E
for the preparation of samples]. The measured size distribution
histogram showed that the particles possessed a diameter of
80 £ 5 nm [Fig. 5(g)]. A 2 x 2 array of the droplet microlenses
(D =11.0 £ 0.2 pm) was assembled and then moved onto
the surface of the stack of PS nanoparticles. Using the droplet
microlenses array, the final image is a virtual image, which was
obtained from the position above the inverted sample with a
distance of approximately 3 pm, and the outlines of the PS
nanoparticles became discernible in the field of view of the mi-
croscope [Fig. 5(h); see Visualization 3 for further details]. To
further investigate the imaging ability in the presented method,
we calculated the R,_, for image of the array of 80 nm PS nano-
particles [Fig. 5(h)]. The result is 75% so that such a system
combined with the droplet microlenses was able to image
80 nm beads. As the illumination of the OT system in our
experiments was a halogen lamp with a peak wavelength 2
of 550 nm, the subwavelength resolution can be achieved with
the assistance of the droplet microlenses in the presented im-
aging system, which is attributed to the ability of subwave-
length confinement of light as previously indicated by
Figs. 2 and 3 and near-field collection.

E. Signal Enhancement

Inspired by the highly effective NA of ball lenses [41], we
employed the droplet microlenses to enhance weak signals in
detection as a further application. The microlenses were first ap-
plied to the enhancement of fluorescent signals from QDs.
In the experiments, commercially available CdSe@ZnS QD
clusters with an emission wavelength of 550 nm were dispersed
on a SiO; slide [Fig. 6(al); see Appendix E for the preparation].
The suspension of droplet microlenses was then dropped onto
the QD sample on the slide. The microlenses with D of 11.8
[Fig. 6(a2)], 9.2 [Fig. 6(a3)], and 6.8 pm [Fig. 6(a4)] were sep-
arately moved right above the targeted QD cluster using the OT
(see Visualization 4 for further details). The QDs were
excited by the light through a bandpass filter (465-495 nm)
from the mercury lamp of the microscope. The excitation light
was converged by the inverted objective (60x, NA = 1.0, water
immersion), and the optical power of the excitation light was
~620 pW. Without the microlenses, fluorescence emission
from the QD cluster was rather weak and thereby can hardly
be directly observed by the microscope [Fig. 6(b1)]. With
the assistance of the droplet microlenses, the fluorescent
signals were sufficiently enhanced and can be observed
[Fig. 6(b2)-6(b4)]. Note that to achieve the strongest fluores-
cent signals, the droplet microlenses were vertically shifted along
the Z axis to obtain the brightest fluorescence spots in the field of
view. Profiles of the intensity distributions corresponding to the

dark-field images were also obtained [Figs. 6(c1)—6(c4)], con-
firming that the fluorescent signals from the QDs were effi-
ciently enhanced by the microlenses and that the smaller
microlenses exhibited stronger enhancement than the larger
ones. The signal collecting ability of the microlenses was evalu-
ated by calculating the effective numerical aperture NA . As in
the experiments, we set a point source as the fluorescence from
the QD cluster on a SiO; slide, and the height / of the micro-
lens above the QD cluster was set as the focal lengths L to reach
the maximum intensity of excitation [Fig. 6(d)]. In this case,
NA.g of the droplet microlens, expressed as NA 4 = 7 sin 0
[4], can be calculated by obtaining the collection angle  for each
microlens. The calculated NA ¢ of the droplet microlenses with
D of 11.8,9.2, and 6.8 pm were 0.8, 0.84, and 0.87, respec-
tively, indicating that the smaller microlens possessed a greater
signal collecting ability as presented by the fluorescence inten-
sities in Figs. 6(a)—6(c). Note that the power of the irradiating
light (~620 pW) for exciting the QD cluster was much less than
those required for bioimaging without the enhancement method
[42,43], which lowers the risk of photodamage in signal detec-
tion in vivo.

Raman scattering signals can also be enhanced by the droplet
microlenses. The suspension of droplet microlenses was directly
dropped onto a Si wafer, and then the droplet microlenses sank to
the bottom of suspension and close to the sample [Fig. 6(¢)]. A
Raman microspectrometer (Horiba, Xplora-Plus) with a 10x ob-
jective (NA =0.25) was employed to obtain the Raman spectrum
of the Siwafer with the excitation ofa785 nm laser (0.1 mW, spot
size = 3.8 pm). For a bare Si wafer or regions of the wafer without
the presence of the microlenses, the detected Raman signal was
very weak. With the microlenses, the Raman signals of the Si wa-
fer were sufficiently enhanced [Fig. 6(f)]. Similar to the case of
enhancing the fluorescence from the QDs, the droplet micro-
lenses acted on the convergence of both the excitation laser
(785 nm) and the Raman scattering (wavelength, 818 nm;
Raman shift, 520 cm™") from the Siwafer surface. Different from
the case of QDs fluorescence enhancement, as the spot size of the
785 nm excitation laser (3.8 pm) was smaller than D of the micro-
lenses (>4 pm), the microlenses sunk to the bottom of the sol-
ution and adhered to the Si wafer surface under the action of
gravity to collect as much Raman signal as possible. With increas-
ing D, the microlens was able to collect more Raman signal while
the converging ability of the microlens became weaker due to
the decreased NA g. In this case, the collected Raman signal
was affected by both the microlens volume and NA ¢, resulting
in an initial increase of the Raman intensity and then a decrease
with increasing D (see Fig. 10 in Appendix F for further details).
In our measurements, the maximum Raman intensity emerged
at the microlens diameter of ~21 pum [Fig. 6(f)]. By subtracting
the intensity of the Raman signals from the droplet microlens
itself [44], an enhancement factor of ~19 can be obtained by
using the ~21 pm droplet microlens compared with the sig-
nals from the bare Si wafer. In general, the enhancement of the
signals of fluorescence and Raman scattering by the droplet
microlenses in our experiments was attributed to the following:
(i) the droplet microlenses converged the excitation lights (fluo-
rescence, 465—495 nm; Raman, 785 nm) into beams with higher
intensities to excite the samples [29]; (ii) emission of fluorescence
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Fig. 6. Signal enhancement. (a) Optical microscope images of QD fluorescence enhancement. (al) A QD cluster was located on the SiO; slide,
and then microlenses with diameters D of (a2) 11.8, (a3) 9.2, and (a4) 6.8 pm were separately moved right above the QD cluster. (b) Fluorescence
images of the QD cluster captured (b1l) without and (b2)—(b4) with the assistance of microlenses. (c) Profiles of the intensity distributions cor-
responding to the dark-field images. (d) Illustration of the model used to calculate the effective numerical aperture NA 4. (e) Schematic of the
enhancement of Raman scattering signals from a silicon (Si) wafer. (f) Intensities of Raman scattering from the Si wafer without and with the
assistance of the droplet microlenses with D of 45, 21, and 8 pm.

or Raman scattering was more efficiently collected by the droplet APPENDIX A: TRANSMITTANCE SPECTRUM OF
microlenses. CioH;Br

3. CONCLUSION

Adjustable and moveable droplet microlenses of C;oH-Br were __100[
prepared and demonstrated for applications in subwavelength >
imaging and detection. The droplet microlenses can be 3 80}
stretched by fiber probes to adjust the focal length. With S 6ol
the assistance of an OT, the microlens assays were flexibly as- £
sembled and moved to allow rapid scanning subwavelength im- g 40t
aging. Moreover, fluorescence from QDs and Raman signals S 20t
from a Si wafer were efficiently enhanced by using the droplet =
microlenses. With the features of ease in preparation and O

assembly, adjustable focal length, mobility, and ability to en- 400 500 600 700 800 900
hance weak signals, the presented droplet microlenses are ex- Wavelength (nm)
pected to find applications in liquid photonic devices for Fig. 7. Transmittance spectrum of 1-bromonaphthalene

biomedical imaging and real-time detection in devices. (CyoH,Br) with the wavelength range from 300 to 900 nm.
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Fig. 8. The diameter distribution of the droplet at f = 80 kHz

and # = 5 min.

APPENDIX B: DIAMETER DISTRIBUTION OF
THE DROPLET

The droplet microlenses were prepared via ultrasonic shaking in
deionized water, and their diameter was determined by the
ultrasonic time (#) and frequency (f). As shown in Fig. 8,
for f =80 kHz and # =5 min used in our experiments,
the min and max diameters of the droplet microlenses were
1 pm and 50 pm, respectively.

APPENDIX C: FABRICATION OF OPTICAL
FIBER PROBES

The fiber probes (FP1, FP2, and FP3) were fabricated by a
flame-heating technique using single-mode optical fibers
(core/cladding diameter, 9/125 pm; connector type, FC/PC;
Corning Inc.). First, the buffer and polymer jacket of a fiber
were stripped off to open a working window with a length
of about 4 cm. The treated fibers were protected by a glass
capillary (length, ~150 mm; thickness, ~0.1 mm; inner diam-
eter, ~0.9 mm). Second, the bare fibers were heated by a flame
for about 50 s to reach their melting point at an ambient tem-
perature of 22°C. The heated fibers were drawn at rates of
about ~10 mm/s (FP1) and ~5 mm/s (FP2 and FP3). The
fibers broke to give fiber probes with different tips.

The fiber probes (FP1, FP2, and FP3) were fabricated by a
flame-heating technique using single-mode optical fibers (core/
cladding diameter, 9/125 pm; connector type, FC/PC;
Corning Inc.). First, the buffer and polymer jacket of a fiber
were stripped off to open a working window with a length
of about 4 cm. The treated fibers were protected by a glass
capillary (length, ~150 mm; thickness, ~0.1 mm; inner diam-
eter, ~0.9 mm). Second, the bare fibers were heated by a flame
for about 50 s to reach their melting point at an ambient tem-
perature of 22°C. The heated fibers were drawn at rates of
about ~10 mm/s (FP1) and ~5 mm/s (FP2 and FP3). The
fibers broke to give fiber probes with different tips.

APPENDIX D: EFFECT OF BROWNIAN MOTION
OF THE OPTICALLY TRAPPED DROPLET
MICROLENSES

The criterion of the Brownian motion is the fluctuation
region of the position of the trapped droplet microlens. The

800 800
T 600t {600 &
E g
x - 1 >
X 400 400 %
200} {200
0

. 1 : . . 0
0 5 10 15 20 25
Trapping power (mW)

Fig.9. Fluctuation region of Brownian motion of trapped microlens
(D =1 pm) as a function of trapping power.

fluctuation region of the position of the trapped droplet micro-
lens varies with the power of trapping laser and the diameter of
droplet. For example, the fluctuation region of a trapped micro-
lens with a diameter of 1 pm was approximately 100 nm in
the x and y directions, which is much smaller than the
input wavelength (~550 nm). For larger microlenses (e.g.,
1 pm < diameter < 50 pm), the fluctuation range becomes
smaller because the Brownian motion is inversely related to
the particle size. Besides, the Brownian motion could be further
suppressed by increasing the trapping power, as shown in
Fig. 9. Therefore, we consider that the effect of Brownian mo-
tion of the optically trapped microlenses can be neglected.
Benefited from the minimized Brownian motion, the inference
of light focusing (e.g., effective spot size) through the droplet
was not observed in our image method [Fig. 5(h)].

APPENDIX E: PREPARATION OF SAMPLES FOR
IMAGING AND SIGNAL ENHANCEMENT

The gratings used in Figs. 5(a)-5(e) were from a commercial
BD. The surface of the BD was wiped with ethanol (99.9%). A
square piece (2 cm x 2 cm) was sectioned from the BD with
the protective layer (thickness, 100 pm) removed.

The stack of PS nanoparticle layers used in Figs. 5(f)-5(h)
was formed by the evaporation-induced self-assembly of nano-
particles (Shanghai Huge Biotechnology Co.) with a diameter
of 80 £ 5 nm. The nanoparticle suspension (41.6 mg/mlL,
10 pL) was added dropwise into 99.9% ethanol (1 mL) at
22°C, and then the mixture was shaken in an ultrasonic bath
at a frequency of 40 kHz for 15 min. The resulting suspension
was added dropwise onto the inner side of the chamber cover,
which was positively charged. The cover was held stationary in
a dust-free environment for 1 h to provide a stack of PS nano-
particle layers through evaporation-induced self-assembly [45].

Commercially available water-soluble carboxyl CdSe@Zn$
QDs (Zkwy Bio-tech Co., W-3600-550, 8 pmol/L) were used
as a sample for signal enhancement. Deionized water (1 mL)
was added to the QD solution (5 pL) at 22°C, and then the
mixture was shaken in the ultrasonic bath at a frequency of
40 kHz for 10 min. The resulting solution was added dropwise
onto the surface of a glass slide and held stationary in a dust-free
environment for 4 h to form the QD clusters [Fig. 6(al)] for
the signal enhancement experiments.
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APPENDIX F: DROPLET MICROLENS DIAMETER
VERSUS RAMAN SCATTERING INTENSITY
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Fig. 10. Droplet microlens diameter versus intensity of Raman scat-
tering signals. The fitting method is based on a polynomial fit.
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