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ABSTRACT: In the current trend toward miniaturization,
integrated micro-optical elements play a central role in the
development of various applications including high-density
data storage and imaging. In these operations, fine alignment
and focus adjustment are usually performed mechanically, thus,
limiting the accuracy, size and speed of devices. Here, we
propose a novel reconfigurable microlens based on the
engineering of the temperature distribution induced by a
patterned plasmonic surface shined with a resonant near-
infrared light. The refractive index change generated in a
surrounding thermo-optical material acts as an effective lens
whose parameters are remotely adjusted by the control near-
infrared light. We demonstrate focal distance tunability of tens
of microns with subnanometer accuracy along with time-

incident

heating
ray laser

responses down to 200 ps. The applicability of this photothermal lens is proved in the framework of optical microscopy and

adaptive optics.
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daptive optical elements that enable dynamic control of

optical paths are important components of the last
generation of commercial optical devices." !¢ In this context,
various approaches of reconfigurable optical microlenses based
on shapin§ the surface of a liquid drop with pH-tunable
hydrogels,"”'”'® pressure regulation of polymer surfa-
ces,"' 7131310 and refractive-index-adjustable liquid crystals'®°
were developed. Although such strategies imply some
constraints for integration into complex devices, they have
shown to be a powerful way to adjust the focus with time
responses ranging from seconds to few millisec-
onds.'*~1#191921 Another widely used reconfigurable element
is the Spatial Light Modulator (SLM).**** SLMs, typically
based on liquid crystals technology, offer a great control over
light beams but they are limited to operation in reflection mode
with time responses between 10—100 ms. Other major
disadvantages are their bulkiness and price. Finally, one of
the most competitive technologies is the deformable mirror,
whose surface can be dynamically deformed using miniaturized
actuators. With a time response of the order of 100 us, this
technology has greatly contributed to the field of adaptive
optics with applications especially in astronomy, microscopy,
and beaming technology. However, they are by definition
limited to reflection mode and this is a crucial roadblock in
many applications. In this letter, we introduce a novel concept
that enables us to transform any conventional (static) optical
lens into an effective Adaptive Photo-Thermal (APT) lens
whose image focal plane can be dynamically shaped by a
control optical signal. Our approach relies on the temperature-
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dependence of the refractive index of matter. A local increase of
temperature induces a gradient of refractive index that affects
the propagation of optical rays. In the early 2000s it was
proposed to exploit this effect for the detection of single
absorbing nano-objects.”*** In such two color experiments, one
laser is used to heat up the nano-object, while the second
probes the associated local change of refractive index. This has
enabled researchers to accurately locate and dynamically track
single metallic nanoga.rticles24 and carbon nanotubes,*® as well
as single molecules.”® In parallel, recent advances in so-called
thermoplasmonics have led to an unprecedented control of
temperature at the micro- and nanoscale.”””® Noble metal
nanostructures, supporting localized surface plasmons, can be
designed to act as eflicient punctual heat sources remotely
operated by light. Beyond enabling strong temperature
gradients at the nanometer scale,””*° this method also benefits
from very fast heating/cooling dynamics.>”*® The incentive
behind the present work is to exploit such control to engineer a
temperature landscape that can locally modify the focal plane of
a conventional optical lens and ultimately transform it into an
adaptive imaging element.

B RESULTS AND METHODS

In the implementation presented here (sketched in Figure 1),
the surface of a glass coverslip is patterned with plasmonic
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Figure 1. Principle of the APT lens: In the presence of a heating laser (red beam), the temperature in the vicinity of an array of absorbing
nanostructures is increased. The resulting profile of refractive index refracts a collimated blue light beam propagating along the Z-axis. (a)
Temperature map around a S ym radius gold disk heated to 70 °C and submerged in water (cut in XZ plane). (b) Associated refractive index map
calculated for a wavelength of 473 nm to match the wavelength used in the experiment. (¢, d) Evolution of the effective focal distance f.; with the
disk size while maintaining a fixed temperature (T = 70 °C in (c)) and with the temperature of the disk for a fixed radius (r = S ym in (d)).

nanostructures that create, upon resonant illumination, the
desired distribution of temperature.”® On top of the patterned
surface is placed a 100 ym thick chamber filled with water that
acts as the index-changing thermo-optical medium.*" Alter-
natively, other thermo-optical materials with significant An/AT
can be used instead of water.

In order to comprehend the properties of the APT lens, we
first simulate the optical lensing effect induced by a micrometer
sized heat source. We calculate the temperature profile induced
by a 5 ym homogeneous gold pad heated to 70 °C, lying on a
glass substrate, and immersed in water (Figure la). Because of
the cylindrical symmetry, the configuration is fully defined by a
slice across the XZ plane. Using the temperature-dependent
optical index of water,>’ we obtain the profile of the optical
index, as shown in Figure 1b. The refractive index of water
decreases with increasing temperature and, thus, features a
minimum at the center of the heat source. Such a gradient leads
to a negative phase accumulation for light propagating through
the thermo optical material, which is associated with a divergent
lens. By integrating the refractive index variation along the Z-

356

direction and using the paraxial approximation we define the
effective focal distance f.¢ of the APT lens as well as its
thickness and in-plane profile (see section 1 of the Supporting
Information). Figure lc,d shows the evolution of f.¢ as a
function of the disk diameter and temperature. The lensing
power increases with the disk size before saturating for radii
larger than 8 ym. A S pm radius heat source appears to be a
good compromise between lensing ability and compactness.
Once identified the optimum size for the heating structure, we
show in Figure 1d that temperature variation of the structure
enables tuning f.; over a wide range. Indeed, a temperature
increase from 40 °C to 90 °C leads to a decrease of the focal
distance from —1100 to —220 um, respectively. This is
particularly interesting since it allows dynamic tuning of the
lensing effect only by changing the intensity of the heating laser.

Based on these simulations, we have performed a first set of
experiments to demonstrate the feasibility of the APT lens
concept and assess its performance. To create the desired
distribution of temperature,”® we exploit the capability of
plasmonic nanoparticles to efficiently generate heat®”**** when
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Figure 2. Experimental monitoring of the photothermal properties of APT lenses. (a) SEM images of a homogeneous S ym radius gold disk (left)
and a 5 ym radius disk made of gold nanorods (right). A higher magnification image of the 120 X 80 X 50 nm® nanorods is presented (bottom right)
along with their corresponding extinction spectrum displaying a plasmonic resonance in the NIR at 800 nm (bottom left). The NRs spectrum was
measured on a square array (30 X 30 gm?* and 300 nm pitch) using a commercial Andor Shamrock 303i spectrometer attached to an Olympus BX51
microscope. Both structures were fabricated using standard electron beam lithography, followed by evaporation of an adhesion layer of 2 nm
titanium and a layer of 50 nm of gold and, finally, a standard lift-off procedure. (b) Evolution of the induced temperature with the power delivered by
a 800 nm laser shined on a NR disk excited at the SPR with a parallel polarization (red dots), the same NR disk excited off resonance using a
perpendicular polarized configuration (green crosses), a full gold disk (blue dots), and in absence of any structure (black dots). Associated
temperature maps of the different configurations are presented for a heating laser power of 15 mW (insets on the right side). The top left inset shows
the evolution of the temperature profile as a function of the height above the NR disk excited with a 800 nm parallel polarized laser beam.

illuminated at their plasmonic resonance. The heat source is
formed by a finite periodic array (pitch = 300 nm) of gold
nanorods (NR) (120 X 80 X 50 nm?®) that lead to a maximum
of absorption in the NIR (Figure 2a), at their longitudinal
plasmon resonance, that is, for the incident field linearly
polarized along the nanorods long axis.

First, the photothermal properties of the fabricated
plasmonic NR patterns are assessed using thermal microscopy
based on measuring the Fluorescence Polarization Anisotropy
(FPA) of fluorescein in a water/glycerol mixture.> Figure 2b
shows the linear dependence between the maximum reached
temperature and the power of the 800 nm CW heating laser.

By rotating the linear polarization of the heating laser by 90
°C, the temperature decreases by half (green curve), which
gives a good approximation of the actual contribution of the
NR plasmon resonance to heat generation. Noteworthy, the full
disk presents a similar temperature map to the resonant NR
disk but the latter enables not only a larger increase of
temperature for a given power but also a higher transparency
for wavelengths out of the NR resonance peak. Furthermore,
the NR disk offers an additional degree of freedom in the
control of the heating via polarization. Interestingly, the
diffusion of the temperature into the water annihilates the
anisotropic shape of the nano-objects themselves, because they
are smaller than the diffusion length of temperature in water
(see Supporting Information, section 3). Finally, we verify that,
for the same power of the heating laser, no significant increase
of temperature is measured in the absence of any heating
structure (black curve).

Subsequently, to observe and characterize the APT lensing
effect, we design a simple experiment (depicted in Figure 3a) in
which we monitor the changes in the focus of a blue laser diode
(4 = 473 nm) propagating through the APT lens. To do so, a
NR gold disk is sealed in a thin chamber filled with water that is
placed in the optical path of a microscope, right after a 50X
microscope objective, as depicted in Figure 3a. First, we
performed an experiment whereby we image the blue laser
beam profile for different heating laser powers Py (Figure 3b).

357

The CCD images of the blue laser spot at a fixed height (Z = 4
um) for different values of Py enable us to visually appreciate
the induced Z-shift of the focus (insets of Figure 3b). For
further quantification, we measure the vertical profile of the
blue focal spot and find a Z-shift of 5 and 15 um for Py = 10
and 30 mW, respectively. This establishes the sensitivity of the
focus shift to be 500 nm/mW, which corresponds to 230 nm/
°C when using the temperature power calibration of Figure 2b.
Thereafter, we record the focus shift as a function of laser
power (Figure 3c) and observe a linear relationship. Next we
quantify the lateral dimension of the region affected by an APT
lens created by a 5 um radius NR disk. To do so, we image
through the APT lens a grating positioned on top of the water
chamber. The ratio of the grating visibility with (Pygr = 4S5
mW) and without (Pyr = 0 mW) heating shows that the APT
lens affects the focus over a region of about 13 ym (fwhm of
curve Figure 3d). This value is close to the one obtained
theoretically when considering a homogeneous gold disk of the
same size and heated to about 70 °C (see Supporting
Information, section 1).

To complete the characterization of the APT lens, we
experimentally determine its rise time. The temperature was
measured above NR disks of different radii while turning on
and off the heating laser (Figure 4). The time from when the
laser is turned on until the temperature reaches its steady state
corresponds to the rise time of the lens. The temperature was
measured using the same FPA method as referred to above (see
Figure 2). In general, the time response is determined by the
size of the heating source and the thermal diffusivity of the
environment.*® The characteristic time of a thermal process can
be theoretically estimated by applying dimensional analysis to

the heat transport equation and is given by””>***

tr =L/ a

where tr is the characteristic time for temperature establish-
ment, L is the characteristic size of the system, and « is the

thermal diffusivity of the media.
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Figure 3. Experimental characterization of the APT lens. (a) Sketch of the experimental set up. The plasmonic structures are sealed in a closed
chamber filled with water and heated with a 800 nm laser focused with a S0X microscope objective (NA = 0.5). The focus of the 800 nm laser is set
to shed light on the whole S ym radius gold NR disk. (b) Intensity Z-profile of a focused 473 blue laser beam imaged on a CCD for three different
powers of the 800 nm heating laser (black, 0 mW; blue, 10 mW; red, 30 mW). When using a power of 30 mW the blue focal point is shifted by a
little more than 10 ym. The top insets correspond to the CCD image of the blue laser beam at a fixed height (Z = 4 ym) for the different incoming
powers of the 800 nm laser. (c) Focus shift as a function of the 800 nm laser power shined on the thermal lens. (d) Visibility profile along the X-axis
of a 2.5 ym pitch grating. The S ym APT lens (located at the bottom of the water chamber) is positioned at the center of the grating (placed above
the water chamber). Each data point of the graph corresponds to the grating visibility ratio with (Pyr = 45 mW) and without (Pyr = 0 mW)
thermal lensing. For visual appreciation, see video S4 in Supporting Information, where the power of the lens is changed both gradually and in

discrete steps.
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Figure 4. Time response of the APT lens. (a) Time response of the APT lens as a function of the size of the NR disk radius. The red dots show
experimental results, and the black dashed line corresponds to the dimensional analysis equation described in the main text for @, ~ 1.43 X 107

m?/s. (b) Experimental data showing the subms rise time of an APT lens made of a 1 ym radius gold NR disk. A zoomed view of the activation area
can be seen in the inset. The measurement points were collected with a time resolution of 50 pus.

Data acquired on gold NR discs of 5, 2.5, and 1 ym radii give
rise times of 1.5, 0.6, and 0.2 ms, respectively (Figure 4). This
experiment confirms the decrease in time response for
decreasing NR disk radius and shows that the APT lens can

be much faster than other existing reconfigurable microlenses
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for which the time response is generally greater than a few
milliseconds.'*~'¥151621

Finally, we aim at demonstrating the applicability of the APT
lens as an adaptive optical element for microscopy. Using the
optically induced heat generation, it is possible to vary not only
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Figure 5. Application of the APT lens to microscopy and adaptive optics. (a) Bright field imaging of a sample composed of different letters located
on different Z-planes separated by S ym steps (the scale bar on the left side corresponds to S0 gm). The picture, recorded without activating the
APT lens, is originally focused on the “C” letter. (b, c) APT lens is locally activated in different regions of the field of view, indicated by a red box,
which results in a controllable local defocusing. (d, e) APT lens tuning enables to inspect different planes of the B16—F10 cells. The full video
showing the reconfigurable imaging for the biosample is available in the Supporting Information, SS.

the focal distance of the whole lens but also to easily and
dynamically select the location of the lensing area within the
field of view. To illustrate this aspect, an APT lens made of a
large array of gold nanorods (few hundred of micrometers) was
fabricated and integrated into a thin water chamber as
previously described. The NIR heating laser is moved to
different regions of this array with the aid of a steering mirror.
In this configuration, the size of the thermal lens and the
heating area is defined by the size of the heating beam or, more
generally, by the overlap between the heating beam and the
plasmonic array. When combined with a galvanometric mirror,
this configuration allows fast spatial reconfiguration of the
image plane. Furthermore, creation of multiple lenses can be
achieved by splitting the heating laser beam.

As a primary test we use a three-dimensional sample
composed of different letters located on different Z-planes
separated by S um steps (the scale bar on the left side
corresponds to SO ym). In Figure Sa, the sample is initially
focused on the “C” letter in the absence of the heating laser.
Subsequently, we record the optical image for different
positions and sizes of the NIR laser spot (Pyj = 30 mW)
indicated by a red square in Figure 5b,c. In the region where the
APT lens is activated, the image focal plane is locally shifted,
which results in a defocusing of the letters in that region.
Indeed, while the contour of the letters “CFO” can be
individually resolved in Figure Sa, they appear blurry in Figure
Sb,c (letters “C” and “CF”, respectively). In addition to this 3D
artificial sample, we also show in Figure 5d,e another proof of
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concept experiment in which the APT lens is used to image a
living cell. Live cells, of the cell line B16—F10, were grown on a
transparent Petri dish and then placed in the microscope in the
imaging plane. Increasing the NIR power on the APT lens in
the left region of the B16—F10 cell enables us to explore
different details of the cell morphology (see video SS in
Supporting Information). An additional imaging experiment
was performed on randomly distributed PS beads of different
micrometric sizes (1, 3, 5, and 8 ym) and is presented in video
S6 in Supporting Information.

H CONCLUSION

The APT lens combines accurate and fast focus control with
very simple implementation on most optical devices. Addition-
ally, a wide range of properties can be achieved by using
different thermo-optical materials. Indeed, the APT lens is a
very general concept that involves a reconfigurable heat
landscape at the vicinity of a transparent thermo-optical
material. The implementation presented here, consisting of a
patterned plasmonic surface immersed in water, is one among
others. Alternative implementations could combine other heat
nanosources with different thermo-optical materials (liquid,
solid, or gas). We therefore foresee it benefiting to optical
engineering as a whole. Among potential applications, the APT
lens could be used to individually control the focus of arrays of
microlenses, specifically for parallel optical monitoring or beam
steering. Another of the major foreseen applications is related
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to the last set of experiments presented here and the use of the
APT lens as a continuous adaptive lens operating in
transmission which could be applied for example to 3D
imaging.

B ASSOCIATED CONTENT

© Supporting Information

The method used to describe a heated structure in thermal
contact with a thermo-optical material, in the framework of the
paraxial approximation of the thick lens, is provided. We also
discuss the lens aberrations and the possibility to induce
anisotropy. This material is available free of charge via the
Internet at http://pubs.acs.org.
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