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ABSTRACT 

Organic thin-film distributed feedback lasers provide broad spectral tunability and structural flexibility. However, the realization 
of spatially programmable multiwavelength emission across a 2D device area remains a challenge. In this study, this challenge 
is addressed through programmable fabrication of microresonator geometries using a system that integrates digital holographic 
microscopy with holographic lithography. Microresonators are first inscribed on an azobenzene-containing thin film as surface- 
relief gratings over localized regions known as pixels via holographic lithography. The pixelated pattern is then transferred onto 
the active medium using a soft-lithographic direct-transfer method to form the lasing structure. This approach enables controlled 
variation of the microresonator geometry, allowing precise tailoring of the laser emission spectrum. We demonstrate both single- 
w avelength emission from individual pixels and simultaneous multiwavelength lasing from collectively excited pixel arrays. The 
presented strategy provides a scalable platform for programmable organic laser arrays with arbitrary 2D spectral layouts. 
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 Introduction 

rganic thin-film distributed feedback (DFB) lasers represent a
ersatile class of coherent light sources owing to their compact
eometry, low-cost fabrication, and compatibility with solution-
rocessable gain media [ 1–5 ]. In these devices, optical gain is
rovided by emissive organic materials such as laser dyes embed-
ed in polymer hosts [ 6 ]. Optical feedback is provided by periodic
odulation of the refractive index, typically implemented as a
iffraction grating within or on top of the active layer [ 7–9 ].
he inherent dependence of emission wavelength on the gain
edium and resonator parameters has enabled a wide range of
trategies for spectral control in organic DFB lasers. Such spectral
ontrol has been achieved by variation of the effective refractive
ndex via thickness gradients [ 10 ], mechanical deformation of
lastomeric substrates [ 11, 12 ], or by employing different gain
edia with distinct emission characteristics [ 13 ]. Wavelength
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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selection has also been realized by fabricating gratings with
different periodicities through multi-step lithographic processes
or controlled fabrication conditions [ 14 ]. 

As the demand for compact, multifunctional photonic devices
has increased, particularly in applications such as multiplexed
biosensing [ 15, 16 ], spectrally encoded imaging [ 17, 18 ], and planar
lightwave circuits [ 19 ], there has been a growing interest in realiz-
ing multi-wavelength emission from a single device platform. One
approach to achieve this involves structuring multiple gratings
with distinct periods in spatially separated regions of the device,
thereby creating localized emission zones [ 20–25 ]. These spatially
defined regions are often interpreted as pixels, where each region
supports lasing at a specific wavelength determined by its local
grating period. Such implementations have been enabled through
a variety of fabrication strategies, including E-beam lithography,
nanoprinting, and ink-jet printing. 
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 (a) Scheme of a pixelated laser design illustrating facile emission control through selective excitation of pixels by adjusting the pump 
spot size and location. (b) Scheme of the DHM-integrated holographic lithography setup used for the inscription of pixelated surface relief gratings. 

FIGURE 2 Schematic of the pixelated laser fabrication process: (i) DR1g is spin-coated on a glass substrate. (ii) Pixelated SRGs are inscribed as 
master gratings on DR1g film by holographic lithography. (iii) The gratings are replicated onto PDMS in a replication cell and subsequently cured 
thermally. (iv) An organic gain medium is coated onto the PDMS replica to form the active layer with DFB resonator. (v) The resulting thin-film laser 
membrane is inverted by direct-contact transfer to (vi) establish the required refractive index contrast for lasing. 
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espite advances in pixelated organic DFB lasers, current meth-
ds for creating multi-wavelength emission patterns remain
onstrained by limited automation and programmability. Existing
pproaches typically rely on sequential fabrication steps or prede-
ined templates, which restrict the complexity and independent
ontrol of grating parameters across a 2D device area. Although
ost-fabrication tuning of emission via pump laser position and
pot size has been demonstrated [ 26, 27 ], such approaches operate
nly on pre-existing gratings and provide limited flexibility in
efining complex 2D pixel patterns. As a result, there remains
 need for fabrication strategies that enable automated, spatially
esolved, and independently programmable grating inscription,
of 9
while still allowing complementary post-fabrication spectral
adjustments for enhanced device versatility. 

The emergence of surface-relief gratings (SRGs) in azobenzene-
containing polymer (azopolymer) films, photoinduced by holo-
graphic lithography [ 28, 29 ], has provided a simpler and more
scalable route for fabricating diffraction gratings. SRGs are
periodic sinusoidal surface corrugations formed through mass
migration under interference illumination of azopolymer films.
During this process, the light interference pattern is recorded onto
the polymer thin film in the form of an SRG with controlled
period and modulation depth, mediated by the photochemical
Advanced Optical Materials, 2026
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somerization of azobenzene moieties [ 30 ]. Owing to the one-
tep, maskless fabrication and high structural fidelity, holo-
raphic SRG inscription has been widely adopted for implement-
ng DFB resonators in organic thin-film lasers, enabling narrow
inewidth, low threshold, and wavelength-selective emission
 31–35 ]. In addition, recent developments in holographic lithogra-
hy and photoresponsive polymers have enabled the inscription
f complex [ 36–38 ] and spatially localized [ 39 ] SRG structures.
owever, their integration into functional laser architectures,
articularly with reliable transfer onto active thin-film film gain
edia, remains largely unexplored. 

n this work, we address this gap by introducing a fully automated
abrication strategy for spatially discretized DFB microresonators,
r pixels, with independently defined grating periods. Localized
RGs are inscribed onto azobenzene-containing films using a
ustomized holographic lithography setup combined with digital
olographic microscopy (DHM). In this approach, 2D pixel
rrangements with independently defined grating parameters
re directly specified and inscribed in a single step with high
patial fidelity [ 40 ]. The pixelated grating array is then transferred
nto the active gain medium through a soft-lithographic direct-
ransfer process, preserving the integrity of the grating profile.
his approach allows precise spatial assignment of emission
avelengths across the device (Figure 1a ), supporting both indi-
idually addressable single-wavelength lasing and simultaneous
ulti-wavelength emission from pixel arrays. Furthermore, emis-
ion wavelengths can be fine-tuned post-fabrication via pump
aser location and spot size, providing an additional degree
f spectral flexibility. By combining programmable pixel-level
nscription with scalable transfer and optional post-fabrication
uning, this method establishes a versatile platform for high-
hroughput, programmable organic DFB lasers with arbitrary 2D
pectral layouts. 

 Results and Discussion 

he fabrication of the organic thin-film DFB lasers involved the
nscription of master gratings in the form of SRGs on azobenzene-
ontaining thin films, followed by replication into a PDMS
ubstrate and transfer of the gratings to the laser active layer
embrane. The master gratings were inscribed on Disperse Red
-containing molecular glass (DR1g), which exhibits rapid and
fficient SRG formation under interference illumination in the
lue-green region [ 41 ] and has been widely employed in our
revious azobenzene-based SRG studies [ 34, 35, 39, 40, 42, 43 ].
ntegration of the photolithography setup with a DHM (Figure 1b )
nabled localized, pixel-by-pixel exposure of the DR1g films [ 40 ].
n aperture was used to expose a square pixel of 80 × 80
m2 to form a single microfabricated grating unit on the DR1g
urface. Sequential exposure of these pixels produced an array
f SRGs, each forming a distinct microresonator geometry. For
ertical emission, the grating period Λwas designed according to
he second-order ( 𝑚 = 2 ) Bragg condition (Equation ( 1 )), which
elates Λ to the desired emission wavelength 𝜆𝑙𝑎𝑠 . 

𝑚 𝜆𝑙 𝑎𝑠 = 2 𝑛𝑒𝑓𝑓 Λ (1)

he effective refractive index of the fundamental guided mode
as numerically calculated to be 𝑛𝑒𝑓𝑓 = 1 . 45 using a slab waveg-
dvanced Optical Materials, 2026
uide model, neglecting the perturbation induced by the gratings.
By tuning the grating period of different microresonators, the
emission wavelength could be selectively adjusted within the
spectral range supported by the gain medium. Multiple mas-
ter gratings with varying microresonator arrangements were
fabricated in this manner and subsequently replicated onto a
polydimethylsiloxane (PDMS, n = 1.412) surface using assembly-
cell process, as illustrated in Figure 2 . Following replication, the
organic gain layer was formed by spin-coating a solution of dye-
doped polymer matrix in methyl ethyl ketone (MEK) on the
PDMS replica. Polyvinyl acetate (PVAc, n = 1.4665) and DCM2
(4 wt% concentration in PVAc) were chosen as the polymer
matrix and organic dye, respectively. Additionally, the polymer
matrix was plasticized with 10 wt% of 2-(2-methoxyethoxy)
ethanol (DEGME) to lower its Young’s modulus. The active layer
thickness was optimized by adjusting the spin-coating speed and
concentration of the dye-polymer solution to achieve single-mode
(fundamental) propagation with strong optical confinement. 

During spin coating, the surface-relief pattern of the replica
was imprinted onto the active film at their interface, forming
a corresponding grating structure. To establish the refractive-
index contrast required for low-threshold lasing, the grating
pattern was subsequently inverted using direct-transfer process
[ 34 ]. In this step, plasma-activated PDMS surface was brought
into contact with the DFB membrane, allowing it to adhere and be
lifted off while the original replica was separated. This inversion
yielded a top-layer resonator configuration [ 22 ], which has been
reported to provide stronger optical feedback and improved lasing
efficiency in comparable systems [ 44 ]. Atomic force microscopy
(AFM) images of the master gratings, replica, and final DFB
membrane (Figure 3 ) show replication of the SRGs by retaining
their sinusoidal shape and periodicity. The shallower gratings of
the replica compared to the master gratings can be attributed
to the incomplete capillary filling of PDMS due to trapped air
bubbles within the submicron period gratings [ 45 ]. The minor
imperfections observed in the transferred thin-film membrane
are attributed to localized wrinkling arising from strain relaxation
and mechanical deformation of the PDMS during the final
transfer step. Optimizing the stiffness of the PDMS and ensuring
uniform delamination can minimize such defects and enhance
membrane uniformity. 

The emission properties of the pixelated lasers were examined by
fabricating and testing pixel patterns of appropriate periods. The
grating periods were chosen according to emission wavelengths
that could have a strong overlap with the gain spectrum of the
active layer measured using the variable stripe length (VSL)
method (shown in Figure 4a inset) [ 34 ]. As the maximum gain
of the active layer is around 640 nm, three periods of 428,
435, and 442 nm were chosen with an anticipated emission
around 620, 630, and 640 nm, respectively. The spectral selectivity,
versatility, and tunability of the pixelated lasers were investigated
with different pixel arrangements. Additionally, the pump spot
diameter was also altered to change the pixel exposure to pump
according to the requirements in the following experiments.
Figure 4a shows the emission from a single pixel pumped with
a spot size comparable to the pixel dimension in a laser with a
428 nm period. A single-mode emission at 623 nm demonstrates
that even a single pixel with an appropriate period can function
as a resonator providing sufficient optical feedback for lasing.
3 of 9
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FIGURE 3 (a) Photograph of master SRGs, PDMS replica and inverted DFB membrane laser. (b) 2D AFM image from one of the selected pixels 
from the corresponding sample. (c) Surface profile of the respective pixel. 
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he narrow lasing peak with a spectrometer resolution–limited
inewidth (full width at half maximum, FWHM = 0.20 nm) is
ttributed to the TE 0 mode, characteristic of fundamental guided-
ode operation in DFB polymer lasers [ 46, 47 ]. The active layer
hickness was optimized to 1.8 μm to facilitate stable single-mode
peration and reliable membrane transfer without mechanical
eformation. Although this thickness lies above the cutoff for the
E 1 mode, its suppression is attributed to the lower threshold
f the fundamental TE 0 mode. The ability of pixelated lasers to
imultaneously emit multiple wavelengths was demonstrated by
umping a laser with an alternating pixel pattern containing two
eriods of 435 and 442 nm, as shown in the inset of Figure 4b .
ollective pumping of these pixels led to simultaneous laser
missions around 630 and 640 nm corresponding to the two pixel
eriods, as shown in Figure 4b . An extension of this multiwave-
ength emission to a pixelated laser with three periods of 428, 435,
nd 442 nm exhibits a spectrum with an additional lasing peak, as
epicted in Figure 4c . When such a DFB membrane was pumped,
 minimum spot diameter covering three pixels was used to
nsure collective excitation of all different periods. The CMOS
mage of the emission from a 3 × 3 pixel area is shown in the
nset of Figure 4c . The above results demonstrate the concept of
imultaneous multiwavelength laser emission using the pixelated
aser approach. Finally, Figure 4d shows the emission from the
ame laser structure under serial excitation of individual pixels.
of 9
In contrast to the collective excitation described above, this
configuration selectively activates the emission associated with
individual pixel periods. The complementary behavior between
collective and serial excitation highlights the flexibility of the
present approach, where the combination of pixelated grating
design and the organic gain medium enables controlled tailoring
of the emission spectra within a single DFB membrane. 

A slight shift of the lasing wavelength from desired emission
wavelength given by Equation ( 1 ) was observed in most spectra.
This behavior arises from the photonic stopband created by
the DFB gratings, which is generally centered at the Bragg
wavelength. Two Bloch modes form at the band edges whose
separation depends on the grating depth and the modal overlap.
Laser emission occurs at the edge mode that overlaps best
with the gain peak and exhibits the lowest threshold [ 48 ]. In
organic semiconductor DFBs, lasing typically appears closer to
the long-wavelength edge of the stopband due to asymmetric
losses [ 49 ]. The larger wavelength shifts of approximately 7–8
nm observed in some samples (e.g., Figure 4c ) are attributed
to uncertainties in the effective refractive index arising from
the simplified waveguide model. In addition, small but sharp
features that appear near the main lasing peaks are attributed
to imperfections introduced during the final membrane-transfer
step. Slight expansion or contraction of the DFB membrane on
Advanced Optical Materials, 2026
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FIGURE 4 (a) Emission spectrum of a single pixel laser with period of 428 nm. Lower right inset shows the gain spectrum of DCM2/PVAc. 
(b) Emission spectrum of a pixelated laser array with periods of 435 and 442 nm. (c) Emission spectrum of the pixelated laser array with periods of 
428, 435, and 442 nm under collective excitation of all pixels. (d) Emission spectra of the pixelated laser array with periods of 428, 435, and 442 nm under 
sequential individual excitation. All the upper left insets show respective designs with the excited region and right insets show corresponding CMOS 
images of the emission from the pixelated laser. 
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he PDMS support can also locally modify the grating period in
ertain regions. Where the optical feedback remains sufficient
n these regions, weak lasing emission can arise at wavelengths
lightly displaced from the anticipated position, giving rise to
ow-intensity, spectrally shifted peaks. 

he input-output characteristics of the pixelated lasers were
nvestigated for the designs shown in Figure 4c by varying the
ump power and measuring the output signal. The results exhibit
 typical threshold behaviour of optically pumped lasers, where
he emission intensity initially increases gradually with pump
nergy due to spontaneous emission. Beyond a characteristic
hreshold, the onset of stimulated emission and net optical gain
vercoming cavity losses results in a sharp rise in output power,
ignifying the lasing transition. Figure 5a shows a representative
hreshold curve of a pixelated laser with a four-pixel resonator
ize, and the respective threshold energies of the lasers were
etermined to be 7.2, 5.1, and 6.5 μJ , corresponding to the
xcitation fluences of 2.8, 2.0, and 2.5 mJ cm− 2 , respectively. These
hreshold energies and fluences exceed the reported threshold
dvanced Optical Materials, 2026
(32 μJ cm− 2 ) for DFB systems that employ the same gain medium
and resonator structure by several orders of magnitude [ 34 ]. Such
elevated thresholds can be attributed to the restricted resonator
area available for feedback, which reduces mode confinement
and effective gain [ 23 ]. This effect was systematically investigated
by analyzing the input–output characteristics of pixelated laser
arrays of varying resonator size from a single pixel (80 × 80
μm2 ) to twenty five pixels (400 × 400 μm2 ). To maintain
experimental consistency, the number of simultaneously pumped
resonators was kept constant by adjusting the diameter of
the pump spot while keeping the intensity constant with an
aperture. 

Figure 5b summarizes the dependence of the threshold fluence
on the size of the resonator in which a monotonic decrease in
the threshold fluence can be observed with increasing resonator
size. This trend arises because larger resonators provide greater
gain volume and an extended feedback region, thereby reducing
the net amplification required per unit length [ 2, 50 ]. In contrast,
smaller resonators contain fewer grating periods, leading to
5 of 9
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FIGURE 5 (a) Input–output characteristics of the pixelated lasers with 4 pixel resonator size. Note the expansion of the collectively excited pump 
region shown in the inset. (b) Threshold fluence comparison of different resonator sizes. 

w  

b  

H  

a  

A  

s  

t  

e  

l  

A  

h  

l  

r  

d  

w  

p  

r

T  

l  

b  

e  

t  

n  

p  

l  

w  

a  

I  

d  

t  

n  

m  

b

3

T  

r  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6

 21951071, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.71209 by T
am

pere U
niversity Foundation Sr, W

iley O
nline L

ibrary on [06/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reat
eaker distributed feedback and increased relative losses, as
oundary losses become more dominant for shorter cavities [ 14 ].
owever, the decrease in threshold fluence is not linear for larger-
rea resonators consisting of multiple pixels stitched together.
s the aperture opens to increase the diameter of the pump
pot, the initially illuminated region coincides with the peak of
he Gaussian pump profile. At larger spot sizes, the aperture
xposes more of the lower-intensity areas of the Gaussian beam,
eading to a less pronounced decrease in threshold fluence.
lthough the minimum measured threshold fluence remains
igher than typical values reported for organic thin-film DFB
asers, these results are expected considering that even the largest
esonator (400 × 400 μm2 ) is smaller than standard DFB cavity
imensions. The distinct fabrication method employed in this
ork together with additional losses associated with imperfect
ixel stitching contribute to the elevated threshold fluences
elative to conventional DFB systems. 

hese experiments demonstrate the flexibility of the pixelated
aser approach for tailoring the emission characteristics through
oth maskless pre-fabrication design and post-fabrication optical
xcitation. The emission wavelengths are defined by the spa-
ial arrangement of SRG periods during fabrication, while the
umber of simultaneously active lasing channels can be selected
ost-fabrication by adjusting the pump spot size. This dual-
evel control enables programmable multiwavelength emission
ithin a single laser membrane. However, practical lower limits
re imposed by fabrication resolution and pumping geometry.
n particular, multiwavelength emission requires both multiple
istinct SRG periods and a pump spot size commensurate with
he corresponding resonator area; neither a single-period grating
or excitation confined to a single pixel can support simultaneous
ultiwavelength lasing. These constraints define the operational
oundaries of emission programmability in the present system. 

 Conclusion 

his study demonstrates a DHM-integrated holographic lithog-
aphy approach for the programmable fabrication of organic
of 9
thin-film pixelated DFB lasers with precisely tailored emis-
sion spectra. Microresonators inscribed as SRGs on azobenzene
films and subsequently transferred onto the active medium
enable single-wavelength emission from individual pixels and
simultaneous multiwavelength lasing from collectively excited
pixel arrays, as exemplified using grating periods of 428, 435,
and 442 nm. The maskless nature of this approach enables
direct assignment of grating parameters at the pixel level,
overcoming the static constraints of conventional DFB fabrica-
tion. The ability to define independent grating periods across
a 2D pixel array allows the realization of arbitrary spectral
layouts, including randomized pixels for spectral encoding or
non-linear arrays. In addition, emission characteristics can
be further tuned via pump spot size and position, provid-
ing complementary post-fabrication control. The demonstrated
operation of single-pixel resonators (80 × 80 μm2 ) highlights
the potential for miniaturized and spatially addressable laser 
sources. 

Beyond multiwavelength emission, the flexibility of the fab-
rication approach may be extended to more complex grating
geometries, offering a potential route toward spatially struc-
tured emission and structured light generation with appropriate
design. Overall, this work establishes a scalable platform for
programmable organic DFB laser arrays with arbitrary 2D
spectral distributions, with potential applications in sensing,
integrated photonics, and emerging display technologies. Further
optimization of lasing thresholds will be important for advancing
practical implementations. 

4 Experimental Section 

4.1 Sample Preparation 

A 5 wt.% solution of DR1g was initially prepared in a
chloroform/1,2-dichloroethane mixture (80:20 vol.%) as
the azobenzene-based inscription medium for the master
gratings. The solution was filtered through a 0.2 μm

polytetrafluoroethylene (PTFE) membrane filter and
Advanced Optical Materials, 2026
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ubsequently spin-coated onto microscope-glass substrates
t 3000 rpm for approximately 30 s. The resulting thin-film
amples were dried at 65◦C for 1 h. Surface-relief gratings (SRGs)
ith various periodicities were then inscribed on the DR1g
ilms using a photolithographic setup integrated into a digital
olographic microscope [ 40 ]. Following the inscription of the
aster gratings, a replication cell was assembled using a 500 μm
pacer. A 10:1 mixture of polydimethylsiloxane (PDMS, Sylgard
84) base and curing agent was infiltrated into the empty cell by
apillary action. After curing for 4 h at 65◦C , the PDMS replica
as peeled from the cell, yielding a high-fidelity replication of
he master grating structures. For the active layer, a solution
f poly(vinyl acetate) (PVAc, Sigma–Aldrich, MW = 500 000,
 = 1.4665) in methyl ethyl ketone (MEK) (7.5 g/150 mL) was
repared. DCM2 (4-(Dicyanomethylene)-2-methyl-6-[2-(2,3,6,7-
etrahydro-1H,5H-benzo[ij]quinolizin-9-yl)vinyl]-4H-pyran) was
dded at a concentration of 4 wt.% relative to the polymer, and
0 wt.% 2-(2-methoxyethoxy) ethanol (DEGME) was included as
 plasticizer. This dye-doped polymer solution was dynamically
ispensed and spin-coated onto the PDMS replica at 5000 rpm
o form the gain layer for lasing. To establish the refractive-
ndex contrast required for optical confinement, the coated
ayer was subsequently transferred in an inverted orientation
nto a flat PDMS film, leaving the gratings exposed to air. The
urface profiles of the master grating, the PDMS replica, and
he final DFB membrane were characterized using an atomic
orce microscope (AFM, Bruker icon) operated in ScanAsyst 
ode. 

.2 Photolithographic Setup 

RGs were inscribed on DR1g thin films using a setup that
ntegrates a digital holographic microscope (DHM R-2100,
yncéeTec) with a custom-built two-beam holographic lithog-
aphy module [ 40 ]. A 488 nm single-mode diode-pumped laser
Coherent Genesis CX-488 2000) served as the inscription source.
he laser output was divided into two beams of equal intensity
sing a fiber splitter, and their polarizations were adjusted
sing a combination of quarter-wave and half-wave plates. To
aximize diffraction efficiency and modulation depth, the beams
ere set to right-circular polarization (RCP) and left-circular
olarization (LCP) [ 51 ]. The interference field of these two
eams with a uniform intensity of 18 W cm 

− 2 , and periodically
arying polarization distribution was focused onto the sample
tage through a 50x, 0.8 N.A microscope objective to form
he SRGs. In this configuration, the DHM served primarily
s an interferometric projection platform in which the fiber-
oupled beams were introduced through the DHM input ports
nd focused by the objective lens onto the sample plane. This
rrangement enabled spatial confinement of the interference
ield to micrometer-scale regions, allowing sequential pixel-by-
ixel SRG inscription through synchronized stage translation.
he SRG periods were tuned as required by actuating the fiber-
nd positioning stages. The integrated DHM employed probe
nd reference beams to enable real-time reconstruction of the
xposure position and interference pattern alignment on the
amera. Data acquisition and processing were implemented
sing LabVIEW, which simultaneously controlled the fiber-end
ctuators and the XY translation stage for sequential pixelated 
xposure. 
dvanced Optical Materials, 2026
4.3 Optical Characterization 

The emission characteristics of the DFB lasers were measured
with an inverted microscope setup (Axio Observer, Zeiss), pulsed
laser and a spectrometer. The source for the pulsed laser
was a frequency-tripled Nd:YAG laser (Quanta-Ray Lab-130-10,
Spectra-Physics) pumping an optical parametric oscillator (OPO;
versaScan, GWU Lasertechnik). As the OPO produced 5 ns pulses
at a 10 Hz repetition rate, the wavelength was tuned to 490
nm according to the absorption band of the material for all
measurements. This pulsed beam was coupled to the inverted
microscope and focused onto the sample with an objective (20x,
0.4 NA, Zeiss). The emission signal from the sample was collected
by the same objective and guided to a CMOS camera for the
sample surface to be imaged. Such an image was helpful in
focusing, navigating to the right pixel and choosing appropriate
exposure. The emission was further guided to a spectrograph
(Shamrock 303i-B, Andor) through which the laser emission
spectra were acquired. 
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