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A mechanically bendable and conformally
attachable polymer membrane microlaser array
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The progressive miniaturization and thinning of photonic devices would enable the realization of multi-
functional photonic integrated circuits and expand the application frontier to novel fields including wear-
able and disposable electronics. Herein, we have demonstrated a mechanically bendable and conformally
attachable polymer membrane microcavity laser array using digital interference lithography. The devel-
oped lithography system could distribute a number of subwavelength grating pixels with both high
efficiency (1k pixels per second) and excellent versatility (ease of control in the pixel size, spacing, and
grating periodicity) as the microcavity laser array, in which a pair of subwavelength gratings constitutes a
distributed Bragg resonator microcavity via coherent interference, furnishes a vertically emitting microcav-
ity laser array for convenient light coupling and utilization. The microlaser array polymer membrane pre-
sented a total thickness of only 30 pm with excellent performance stability and reliability against long
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time operation and harsh environmental conditions, which could be further reversibly stretched, repeat-
edly bendable and conformally attached onto rounded or irregular surfaces or biological tissues with no
degradation in single-mode or low-threshold characteristics, paving a way for on-chip optical functionali-
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Introduction

Photonic devices are evolving towards miniaturization with the
final goal of integrating a number of functional components
onto a compact chip, producing photonic integrated circuits
(PICs) with low requirements for energy consumption and
high degrees of functionality, paving ways for on-chip appli-
cations such as optical communication, high-sensitivity
sensing, logic nanophotonics, optical data processing, high-
resolution imaging, etc.'™ Recently, driven by the growing
demand of fabricating PICs with high portability, bendability,
lightweight, and low manufacturing cost, there has been
growing interest in developing flexible and miniaturized
photonic devices that can be mechanically deformed without
compromising the performance, aiming to expand the appli-
cation frontier of PICs toward new areas such as wearable or
disposable electronics.*” To achieve this ultimate goal, there
has been extensive research activities in exploring and develop-
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zation toward wearable electronics and outdoor environmental monitoring applications.

ing nanoscale lasers with both high optoelectrical perform-
ance and high mechanical roubustness.®'° In this regard,
organic semiconductors appear to be quite suitable, because
of their large simulated emission cross-sections, excellent flexi-
bility, solution processability and inherent compatibility with
plastic substrates, in combination with various microcavity
resonator designs including the distributed feedback (DFB),
the whispering gallery and the distributed Bragg reflector
(DBR), to furnish mechanically flexible,'""* low threshold,"*"*
wavelength tunable''® and even white-emitting'” microlasers.
Substantive endeavours have been devoted to reducing the
thickness of polymer microlasers by throwing away the flexible
substrates, which is achieved by detaching the cavity-struc-
tured gain material film from the supporting substrate after
dissolving the sacrificial layer in a suitable solvent, thus exhi-
biting excellent flexibility and transplantation.’®'® However,
the ultra-thin polymer laser device is extremely mechanically
fragile and difficult to handle which is often suspended over a
hole in a supporting substrate, and furthermore, the device
performance is unstable with operation time and susceptible
to environmental conditions, as the organic gain medium is
directly exposed to oxygen and moisture.*’

Apart from improving the mechanical flexibility and bend-
ability, the miniaturization of these polymer lasers provides

This journal is © The Royal Society of Chemistry 2020
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the possibility to obtain the laser array on the nano- and
micro-scale for its convenient integration in PIC devices,*"??
which could be distributed across the photonic chip on
demand with well-designed laser parameters, such as the
lasing wavelength, the device size and the emitting direction,
motivating research efforts to explore techniques with the
potential of parallel matrix fabrication. As a direct approach,
one could extend the single laser fabrication route simply by
placing a number of microcavity polymer lasers (laser pixels)
on the same substrate, for example, the electron beam litho-
graphy (EBL) technique has been utilized to provide pixelated
subwavelength gratings for obtaining the DFB polymer laser
array, where the fabrication efficiency and stability is greatly
limited by its serial fabrication nature.>**” One could also
obtain polymer micro-pillars, sandwiched between two dielec-
tric mirrors by the laser direct writing technique, acting as the
polymer laser array emitting multi-wavelength lasing, by con-
fining the light in each micro-pillar via the Fabry-Perot mecha-
nism.”® In addition, an organic crystal array with micrometer-
scale squares can be fabricated by cutting the single-crystalline
organic microbelt into pieces by the two-photon processing
technique,*® producing light resonation in the squares by the
edge reflections, resulting in single wavelength lasing emitting
from the two edges. Moreover, low-threshold microring laser
arrays with unit components of precise positioning and
tunable size have been fabricated in a highly efficient and ver-
satile manner by manipulating the dewetting process in the tri-
phase contact line using a micropillar template®® or the ink-jet
printing technique in combination with the coffee-ring
effect,® albeit each microlaser with a multiple mode character-
istic. As a result, there is still an urgent demand for developing
fabrication techniques to obtain polymer microcavity laser
arrays featuring high fabrication efficiency, precise position-
ing, single-mode laser operation and low working threshold,
as it may provide a new platform for the monolithic inte-
gration of microlaser arrays with PICs to explore novel on-chip
applications in areas of displays, sensing and spectroscopy.

In this work, we have proposed and demonstrated a
mechanically flexible and conformally attachable microcavity
laser array membrane using the digital interference lithogra-
phy technique. The proposed lithography system could distri-
bute pixelated subwavelength gratings with both high
efficiency (1k pixels per second) and flexibility in controlling
the position, the spacing, the size and the period of each pixe-
lated grating, where a pair of subwavelength gratings yields a
pixelated microcavity laser by introducing the DBR mecha-
nism, presenting as a novel and powerful platform to provide
microcavity polymer laser arrays for planar functionalization
and integration. In addition, we have also provided a novel
nanoimprinting approach to achieve the microcavity laser
array membrane with high robustability and mechanical flexi-
bility, which is realized through peeling the thin nano-
structured UV-curable film from the hard nickel (Ni) mold
after UV curing, followed by coating the active film and the
encapsulation layer, thus furnishing a free-standing microcav-
ity polymer membrane (20-40 pm) with both bendability and
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transplantability. The microlaser array exhibits excellent laser
performance, including stable single-mode lasing and low
operating threshold (around 15 pJ cm™2) after reversible
stretching, repeated bending and attaching circles, acting as a
robust and low-cost microcavity laser membrane for inte-
gration in flexible PICs to explore its practical potential in
numerous applications.

Subwavelength gratings are very important components for
photonic applications in beam steering, light confinement,
optical coupling, etc. Such gratings could also be exploited as
microcavity resonators by introducing the DFB mechanism via
coherent backward scattering or the DBR mechanism by coher-
ent interference at the selective reflection wavelength, which
inherently have advantages of ease of integration, low working
threshold, high beam directionality, and excellent wavelength
purity, acting as an effective approach to realize the microcav-
ity laser array. The development of such a laser array was
severely limited by the current manufacturing techniques, as it
often requires the EBL to complete the task. In this work, we
have developed a system with both high fabrication efficiency
and flexibility in distributing the pixelated subwavelength
gratings based on the so-called digital interference lithogra-
phy. In this system (Fig. 1a), the digital micromirror device
(DMD) acts as a “dynamic mask” to control the shape and size
of the illuminated laser beam (Advanced Optowave
Corporation, wavelength 355 nm, pulse duration 30 ns, and
repetition rate 1 kHz) and thus the shape and size of the
corresponding grating pixel, obtained from the interference
pattern of one laser pulse. After transmitting through a 4F
imaging system, the spatially modulated laser beam was split
into +1st order beams by a diffraction optical element (DOE,
1D micrometer-scale grating) and the two beams are sub-
sequently collected by the objective lens to be focused onto the
photoresist surface to yield the interference pattern. It has
been theoretically demonstrated that the resultant periodicity
p at the focused spot follows the equation p = P/2M, where P is
the periodicity of the DOE and M is the magnification ratio of
the objective lens.*” In order to obtain feedback in the visible
red regime using the second Bragg feedback, a subwavelength
grating with a periodicity of around 400 nm is desired, and
thus we have utilized an objective with a magnification ratio of
50 and a silica DOE with a periodicity of 40 um. The DOE was
further etched to a depth of around 380 nm to eliminate the
Oth transmission at 355 nm, otherwise, the Oth transmission
would overlap with the two diffractive beams inducing a low-
quality interference pattern with a doubled periodicity. The
system was also optimized to work in the pulsed mode, where
one pixelated grating was completed by the interference
pattern formed by the single laser pulse, yielding both high
fabrication efficiency and excellent pattern stability. In
addition, the distribution of these pixelated subwavelength
gratings is precisely controlled by the stage with a position
error of 0.1 pm, exhibiting great convenience for planar
functionalization and integration.

In order to obtain the free-standing polymer film with
nanoimprinted subwavelength gratings, we employed a route
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Fig. 1 Fabrication of the mechanically bendable and conformally
attachable microcavity laser array based on the digital interference litho-
graphy technique. (a) lllustration of the optical setup of the digital inter-
ference lithography system. (b) Illustration of the fabrication process of
the hard Ni mold including photoresist coating (i), patterning and devel-
opment (i), electroplating (iii), mold separation (iv) and the photograph
of the Ni mold (v). (c) Illustration of the fabrication process of the free-
standing microcavity laser array membrane including mold cleaning (i),
imprinting using the UV-curable adhesive and the subsequent film
peeling off (ii), functionalization and encapsulation via a subsequent
coating of the active film and the encapsulation layer in sequence (iii),
and the completed microcavity laser array polymer membrane (iv). (d)
Characterization of the free-standing film with microcavities. End-view
photograph of the membrane (i) and front-view photograph of the
membrane (ii), where the iridescent regions correspond to the subwave-
length grating pixels caused by light diffraction. End-view SEM image of
the free-standing membrane (iii) and the SEM image showing the pixe-
lated surface relief grating on the membrane, where the inset is the SEM
image at a higher magnification (iv). (e) Schematic illustrations of the
DBR microlaser array structure and the optical path for optical pumping
of the membrane laser array.

to fabricate a hard Ni mold for the subsequent replication
(Fig. 1b). Firstly, a positive photoresist (Suzhou Ruihong) film
with a thickness of 200 nm was coated onto silica (Fig. 1b-i)
and was patterned with pixelated interference patterns (the
pixel width and length are both 60 um and the horizontal and
vertical spacings between the two adjacent pixels are both
120 pm) using the above system, yielding the desired pixelated
subwavelength gratings with surface relief morphology after
development (Fig. 1b-ii). Then the sample was immersed in
the silver ammonia solution for the deposition of a thin silver
seed layer covered on the relief gratings as a conducting layer
and was then electroplated in a nickel plating bath (Fig. 1b-iii).
The 1-inch size Ni plate with hundreds of grating pixels was
then peeled off from the substrate with a complementary relief
grating morphology (Fig. 1b-iv), which shows iridescent colors
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in the pixel regions due to the light diffraction after removing
the residue photoresist (Fig. 1b-v). The thickness of the Ni
plate could be controlled by the electroplating time and was
around 300 pm to obtain both mechanical flexibility and
reliability. A drop of the UV curable adhesive (H818, Quinson
Adhesive) was then brought into contact with the obtained Ni
mold (Fig. 1c-i) and was laminated by a non-stick plastic film
for uniform coverage and was subsequently cured via a UV
light source for 12 s (50 mW cm™>?, 365 nm). After photo-
polymerization, the non-stick film was removed and the free-
standing imprinted polymer film was peeled off from the Ni
mold (Fig. 1c-ii), and was placed onto a substrate for the fol-
lowing gain medium coating. The blended conjugated poly-
mers of the blue-emitting PFO (poly(9,9-dioctylfluorene),
Sigma Aldrich, MW 20000) and the red-emitting MEH-PPV
(poly(2-methoxy-5-(2"-ethyl-hexyloxy)-p-phenylenevinylene),
Sigma Aldrich, MW 200 000) at a weight ratio of 10: 3 was dis-
solved in toluene at a total concentration of 1.2 wt% and was
overcoated onto the imprinted polymer film to form a uniform
conjugated polymer film of around 120 nm as the gain
medium (Fig. 1c-iii). Subsequently, a second small drop of the
UV adhesive was spread homogeneously onto the active film as
laminated by a second non-stick plastic film and was exposed
to the same UV light source for 12 seconds for photo-polymer-
ization to form the protecting layer to encapsulate the
microcavity laser array from oxygen and moisture, which leads
to a free-standing polymer membrane with hundreds of
polymer microlasers after removing the non-stick plastic film
(Fig. 1c-iv).

The obtained free-standing polymer membrane with the
microlaser array has advantages of both high mechanical flexi-
bility and excellent performance reliability, as the film is free
from the supporting substrate and encapsulated in the UV
curable adhesives. The membrane was naturally bent at the
tweezers’ tip due to self-weight (Fig. 1d-i), indicating excellent
softness and ultra-thin thickness; in addition, the microcavity
laser array membrane could be non-destructively handled and
transferred using the tweezers without resorting to additional
handling substrates, exhibiting high convenience for charac-
terization and application. The cross-sectional scanning elec-
tron microscopy (SEM) image of the polymer membrane
(Fig. 1d-iii) reveals that the membrane has a total thickness of
around 30 pm, which is less than half the thickness of a
typical newspaper page, which is beneficial for excellent
mechanical bendability and conformal attachability. In
addition, the polymer membrane cross-section has two dis-
tinct textures, of which the thicker layer (around 20 pm) corres-
ponds to the nanoimprinted polymer film to ensure a robust
peeling off from the Ni mold while the thinner one corres-
ponds to the laminated protective layer. It is also worth noting
that the active conjugated polymer film is too thin to be distin-
guished from the presented SEM image. The front-view photo-
graph of the polymer membrane (Fig. 1d-ii) under a slanted
white illumination clearly illustrates the periodic distribution
of replicated grating pixels. The morphology of the replicated
subwavelength grating pixel on the photo-polymerizable
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polymer film was also investigated (Fig. 1d-iv), which demon-
strates a high quality grating composed of periodic straight
line structures with a periodicity of 392.3 nm and an aspect
ratio of 0.3, aiming to provide efficient feedback at the wave-
length of around 610 nm with an approximated effective
refractive index of around 1.55. The modulation depth of the
imprinted pixelated grating was around 50 nm according to
the atomic force microscopy measurement, which was found
sufficient to provide effective optical feedback. Each pair of
subwavelength gratings constitutes a DBR microcavity laser
when the pump beam is focused onto the middle bare region,
where each pixel is shared by two microcavities, acting as the
Bragg mirror for the right and left microlaser simultaneously
(Fig. 1e).

For photoluminescence measurement to reveal the resonat-
ing characteristics of the cavity, the single microcavity laser
was pumped by focusing the coherent wave laser beam (1 mw,
CrystaLaser) onto the region between the two Bragg gratings.
Photoluminescence emission was collected using a 1 mm dia-
meter fiber placed at a distance of 40 mm from the sample
and investigated using the spectrometer (Avaspec, resolution
0.19 nm). The fiber was mounted on a circular track to collect
emission from a range of polar angles normal to the sample
plane. For lasing characterization, the sample was vertically
mounted on a two-dimensional stage and pumped by the
focused spots of the pulsed laser (Spectra Physics, wavelength
349 nm, pulse duration 8 ns, and repetition rate 10 Hz) using
a quartz lens (Diameter 25.4 mm, focal length 20 cm). Normal
emission to the sample surface in reference to the DBR micro-
cavity laser in operation was collected (Fig. 1e) and analyzed by
the same fiber coupled spectrometer. The strain along the
grating vector was applied by mounting the polymer mem-
brane using two clips and the pumping spot was maintained
between the two grating pixels, where the normal emission
was investigated using the spectrometer.

The microcavity laser array polymer membrane was com-
pleted when the pixelated subwavelength gratings were over-
coated with the active organic semiconductor film of matched
spectrum response, as the reflection lights resonating between
every two grating pixels facing each other would be amplified
when hitting the active molecules at the excited state through
the stimulated emission process. In this work, the subwave-
length grating pixels (60 pm) are distributed across the sample
with the spacing between the adjacent pixels in both the hori-
zontal and vertical directions being 120 pm, giving rise to a
number of DBR microcavity lasers. These pixelated subwave-
length relief gratings, which consists of periodic lines perpen-
dicular to the surface, not only acted as the second-order
Bragg mirrors for lights traveling in the surface plane, but also
coupled the emitted light in the sample plane to the vertical
direction of the sample via the first order grating effect.*® The
angle-dependent photoluminescence map could reveal the
resonating properties of the microcavity (Fig. 2a), and it clearly
showed that two emission bands anticross at an angle normal
to the waveguide, giving rise to a wavelength dip at the antic-
rossing, indicating the resonating wavelength of the microcav-
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Fig. 2 Resonating characterization of the single DBR microcavity. (a)
Interpolated gray scale image of the angle-dependent photo-
luminescence. (b) The electric field intensity distribution of the eigen
modes in the region between the two grating pixels at the resonating
wavelength (620 nm) and at the detuning wavelength (600 nm). (c) The
evolution of the emission spectrum to the sample normal with the
pump fluence for one DBR microcavity laser on the membrane, indicat-
ing the transition from the spontaneous emission to lasing. (d) Output
intensity and FWHM of normal emission as a function of the pump
fluence for one DBR microcavity laser on the membrane.

ity of around 620 nm.** To gain more insight into the feedback
mechanism of the DBR microcavity, we have calculated the
electric field intensity distribution of the eigen modes in the
region between the two grating pixels using the finite element
method (i.e., COMSOL Multiphysics software) (Fig. 2b). Strong
resonation was observed at the operating wavelength of
620 nm with a complete confinement of light inside the active
film acting as the waveguide layer, while light was distributed
homogeneously with a low intensity in the active layer at a
detuning wavelength of 600 nm, implying the superior wave-
length selection mechanism of the microcavity. As for pulsed
pumping to investigate the lasing performance, the spectrum
of emission from each DBR microcavity laser on the mem-
brane undergoes a significant change (Fig. 2c) when the pump
fluence increases step by step, i.e., only a broad spectrum with
two characteristic shoulder peaks referring to spontaneous
emission when the pump fluence is below 15 pJ cm™>, a low
intensity narrow lasing peak at around 620 nm being superim-
posed onto broad spontaneous emission when the pump
fluence is between 15 pJ cm™> and 18 pJ em™>, and the domi-
nation of the lasing peak over spontaneous emission when the
%, presenting a clear tran-
sition from spontaneous emission to stimulated emission as

pump fluence is above 18 pj em™

the cavity loss is surpassed by the increased gain at a higher
pump fluence. For a quantitative illustration of the emission
transition, we have also provided the evolution of the peak
intensity and the full width at half maxima (FWHM) of the
main emission peak along with the pump fluence (Fig. 2d). As
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the pump fluence goes up, the peak emission intensity first
increases linearly at a very slow rate, due to the omnidirection-
ality characteristic of spontaneous emission, and at some
point, it undergoes an abrupt rise and follows the linear curve
with a much higher slope efficiency, attributing to the direc-
tionality of the stimulated emission, indicating the onset of
laser emission. Correspondingly, the FWHM stays around
50 nm and undergoes a sudden sharping to below 1 nm when
the emission intensity abruptly changes, also presenting a
working threshold of around 15.5 pJ cm™>.

Apart from the low threshold, the DBR microcavity laser on
the polymer membrane also appears high performance
reliability, which shows stable narrow laser emission after being
stored for two months (Fig. 3a), demonstrating the robustability
of the soft microcavity laser array polymer membrane for long-
time working and arbitrary transferring purposes. We have
further measured the laser emission from different DBR micro-
cavity lasers on the polymer membrane to check the uniformity
of the fabricated laser array, where the lasing wavelength varies
between 618.5 nm and 621.5 nm depending on the detected
location (Fig. 3b) while the working threshold stays around
16 W em > The distribution of the lasing wavelength is not
random but has a clear dependence on the position on the
membrane, implying that the variation in the lasing wavelength
across the array is a result of the thickness inhomogeneity in
the spin-coated active film but not the periodicity inaccuracy in
these pixelated subwavelength gratings, demonstrating the high
reliability and accuracy of the digital interference lithography
system in providing subwavelength grating pixels. It is worth
noting that the number of output laser beams and the intensity
of each laser beam could be controlled by the size and intensity
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Fig. 3 Lasing performance of the polymer membrane microlaser array.
(a) The lasing spectra from one DBR microcavity laser on the membrane
pumped under a fluence of 18 pJ cm~2 at different storage days. (b) The
distribution of the lasing wavelength emitted from the DBR microcavity
laser array on the membrane. (c) CCD image of the lasing spot emitted
from one DBR microcavity laser on the membrane at a distance of 4 mm
(the upper panel) and 12 mm (the lower panel). (d) Dependence of the
output lasing wavelength from one microlaser on the applied axial
strain.
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distribution of the pumping region, enabling a multiple-micro-
laser chip. From the photographs of the output lasing patterns
captured using a CCD camera at a distance of 4 mm and 12 mm
(Fig. 3c), it can be deduced that the divergence angle of the DBR
microcavity laser is around 12 mrad and 48 mrad in the hori-
zontal and vertical directions, respectively. In the planar DBR
microcavity laser, light at the oscillating wavelength resonates in
the sample plane via the second order Bragg effect while it is
coupled out to the normal direction by the first order grating
effect, furnishing a vertically emitting microcavity laser array on
the polymer membrane for convenient light coupling and utiliz-
ation. The strain-dependent emitting wavelength of the microla-
ser on the ultra-thin polymer membrane further demonstrated
the potential of the soft membrane as a natural tunable laser
source (Fig. 3d). The lasing wavelength could be tuned reversibly
from 621 nm to 630 nm by applying the axial strain, which was
attributed to the elongation of the grating period. In addition,
the wavelength tuning range could be expanded by optimizing
the elastomeric properties of the cured adhesive.

Such a thin microcavity laser array polymer membrane with
high toughness is potentially extremely mechanically flexible
and performance stable, which could be exploited to use in
wearable electronics or outdoor environmental monitoring. In
order to investigate the effects of conformal attaching on irre-
gular surfaces and repeatable bending circles on device per-
formance, the output lasing spectra and the corresponding
laser thresholds were recorded in different attaching and
bending circumstances (Fig. 4). The polymer membrane was
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Fig. 4 Mechanical flexibility and bendability performance of the micro-
cavity laser array polymer membrane. (a) Schematic illustration for the
attaching operation of the polymer membrane on rounded objects with
different radii. (b) The lasing spectrum and the working threshold of the
single DBR microcavity laser when the polymer membrane was attached
on a rounded object as a function of radius. The inset is a photograph of
the polymer membrane attached on a curved object. (c) Emission inten-
sity as a function of pump fluence for single DBR microcavity laser when
the polymer membrane was attached on different rounded objects with
radii of 65 mm, 28 mm and 8 mm. (d) Schematic illustration of the
mechanical bending operation of the microcavity laser array polymer
membrane. (e) Emission spectra from the single DBR microcavity laser
when the polymer membrane was bent for different circles. The inset is
a photograph of the polymer membrane being bent. (f) The lasing wave-
length and the working threshold of the single DBR microcavity as a
function of the bending number of the polymer membrane.
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transferred and attached onto cylindrical objects with different
cross-sectional radii and was mounted on a stage for lasing
performance characterization (Fig. 4a). The membrane transfer
onto the irregular surface was operated directly with a tweezer
and was initially moved onto the surface with the aid of de-
ionized water, leaving a conformally attached membrane after
the evaporation of the solvent due to the ultra-thin thickness
and excellent softness of the film. The membrane exhibited
well-defined single-mode lasing characteristic with the FWHM
of the lasing peak being well below 1 nm irrespective of the
radius of the attaching surface (Fig. 4b), due to the preserved
optical confinement of the lasing mode in the active film at
such a small membrane thickness, i.e., the active film pre-
served original physical and chemical properties when the
thin membrane was bent or curved along with different
surface morphologies. The lasing wavelength increased slightly
from 623.33 nm to 626.51 nm as the attaching radius of the
cylindrical object decreased from 65 mm to 3 mm with recov-
ery capability, probably due to the slightly elongated grating
pitch at the high bending curvature. In addition, the microcav-
ity laser array exhibited excellent lasing performance and the
threshold slightly fluctuated in the range between 16 pJ cm™>
and 17 uJ em™2 (Fig. 4b and c), implying the reliability and
robustability of the ultra-thin polymer membrane as a
mechanically flexible microcavity laser array. In order to
further explore the potential of the microcavity laser polymer
membrane to implement in harsher application scenarios
requiring extreme flexibility, a severe bending test was carried
out, in which the polymer membrane was bent to a radius of
0.5 mm and then spread flat repeatedly (Fig. 4d). The laser
emission maintained the single-mode performance when the
bending number is up to 3000, with a very slight red-shift in
the lasing wavelength from 622.2 nm to 623.0 nm (Fig. 4e), as
a result of the hysteresis effect in the grating morphology
recovery while the membrane was being repeatedly bent and
released. The device working threshold stayed almost
unchanged during the whole bending operation (Fig. 4f), as
the nanometer-scale active film was uniformly encapsulated
and protected by micrometer-scale adhesive films, again
demonstrating the reliability of the ultra-thin polymer micro-
cavity laser membrane for bending and attaching purposes.
The ultra-thin thickness of the microcavity laser array
polymer membrane, in combination with its potential compat-
ibility with organic materials, drives us to explore its potential
in wearable or disposable electronics, i.e., as the wearable
security tag for biometric authentication or the disposable
laser for outdoor environmental monitoring and was investi-
gated subsequently by attaching the membrane on the contact
lens and the human nail (Fig. 5a and b). The membrane was
conformally placed onto the contact lens and the human nail,
in addition, after the evaporation of the transferring solution
such as deionized water, the membrane was found to be firmly
adhered on the irregular surface due to the surface tension
and compatibility of the polymer membrane with the biologi-
cal tissues (Fig. 5a-i and b-i). When the ultra-violet pulsed
laser was focused onto the polymer membrane, either covering
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Fig. 5 Conformal attachability of the microcavity laser array membrane
on objects with different curvatures. The polymer membrane attached
on (a) the contact lens, (b) the nail and (c) the gingko leaf. The upper,
middle and lower panels illustrate the photographs of the microcavity
laser membrane on the corresponding curved object, the photographs
of laser emission from the microcavity laser membrane on corres-
ponding curved object and the lasing spectrum from the microcavity
laser membrane on the corresponding curved object, respectively.

one region between two grating pixels to stimulate one micro-
cavity laser or some regions between different pixels to stimu-
late multiple ones, the polymer membrane on the biological
tissue would emit directional lasing patterns (Fig. 5a-ii and
b-ii), just as the typical second-order DBR laser, while still pre-
serving the good single mode lasing characteristic at around
620 nm (Fig. 5a-iii and b-iii). As the active organic semi-
conductor film was sandwiched between the photo-polymer-
ized imprinted film and the encapsulation film, the intensity
distribution of the lasing mode and thus its optical confine-
ment inside the active film would stay the same, irrespective of
the substrate material being transferred on, thereby ensuring
high performance and stable lasing operation in different
application scenarios. In addition, the DBR microcavity laser
array requires a very low pump power density of around 2 kW
em~? for operation and such a low pump density, especially
after the major energy being absorbed by the active material,
would be far below the damage threshold of some biological
tissues (Fig. 5b-ii indicates a laser emitting finger nail and no
tissue damage was observed during the test), indicating the
practical feasibility of the microcavity membrane for wearable
laser devices. To further investigate the compatibility of the
microcavity laser array polymer membrane with plants and
explore the possible use in outdoor environmental monitoring,
the membrane was transferred onto a ginkgo leaf and it was
also found to be conformally attached, without influencing the
original plant morphology (Fig. 5c-i). Under suitable optical
pumping, the leaf emitted a directional lasing pattern with
excellent single mode characteristic (Fig. 5c-ii and iii), where
the lasing threshold increased slightly by 5% after a continu-
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ous emission duration of ten minutes, showing stable lasing
operation. In addition, the leaf still preserved the biological
characteristics after the long-time operation as a result of the
low pump irradiance, indicating the potential of the polymer
membrane as the disposable laser for outdoor environmental
monitoring.

Conclusions

In this work, we have presented a mechanically bendable and
conformally attachable microcavity laser array membrane exhi-
biting excellent lasing performance based on the digital inter-
ference lithography technique. The developed lithography
system is capable of patterning subwavelength grating pixels in
the pulse mode with an efficiency of 1k pixels per second; in
addition, the pixel parameters such as the size, the shape, the
location and the grating periodicity would be controlled in a
precise and simple manner, acting as a powerful platform for
optical functionalization and integration. As a demonstration,
we have distributed hundreds of subwavelength grating pixels
with the size and periodicity being 60 pm and 392.3 nm on the
plane, respectively, in which each pair of subwavelength
gratings constitutes a DBR microcavity laser, resulting in a ver-
tically emitting microcavity laser array with a low working
threshold of around 15 pJ em™>. The free-standing microlaser
array polymer membrane with ultra-thin thickness (30 um, less
than half thickness of a typical newspaper page), in combi-
nation with its potential compatibility with organic materials,**
opens the possibility to be reversibly stretched, repeatedly bent
or to be conformally attached onto different irregular surfaces
or biological tissues, such as the contact lens, the finger nail
and the ginkgo leaf, without the degradation in single-mode or
low-threshold laser characteristics, paving a way to implement
the PICs in wearable or disposable electronics.
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