
720 Vol. 60, No. 3 / 20 January 2021 / Applied Optics Research Article
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Our current work exploits direct laser writing (DLW) and low one-photon absorption (LOPA) in a low-cost three-
dimensional optical fabrication system designed to print micrometric polymeric structures. Micropedestals were
obtained by focusing a laser beam on a photoresist layer deposited on a silica glass substrate. Subsequent coating
with rhodamine 6G dye allows these pedestals to function as microlasers upon optical excitation at 532 nm. Our
microlasers, with a diameter of ∼53 µm and a height of ∼40 µm, exhibit a broad fluorescence peak in the spectral
range 540–600 nm, in addition to narrow lasing peaks, exhibiting quality factors Q exceeding 2000 and a lasing
threshold of ∼5 µJcm−2. The observed free spectral range associated with the lasing peaks of ∼1.3 nm is consis-
tent with simulations, which we include in this paper. In addition, we present simulations for the longitudinal shift
of the patterning laser spot, which occurs particularly for relatively thick photoresist layers, coupled with a large
index contrast at the photoresist top surface. Such a shift could introduce errors in the resulting microfabricated
structures if left unaccounted for. We hope that our work will contribute to the development of microlasers for
various photonic applications, particularly if dimensions can be reduced, for on-chip optical communications and
data processing. © 2021 Optical Society of America

https://doi.org/10.1364/AO.410615

1. INTRODUCTION

In order to fabricate micrometric-scale polymeric structures,
technologies such as standard photolithography [1], holog-
raphy [2], stereolithography [3], “inkjet” printing [4,5], and
direct laser writing (DLW) [6–8] have been used. Some of these
methods are well suited for parallel manufacturing and hold the
potential to optically address submicrometer structures. While
inkjet printing has been shown to constitute a robust technique
for the fabrication of microlaser arrays with competitively large
Q factors and low lasing thresholds, DLW leads to the possibility
of fabricating 2D and 3D structures enabled by the full freedom
of motion in the x y z axes during fabrication, limited only by the
mechanical resolution and the laser spot size [6,7]. For example,
Do et al. used DLW in order to print spiral, chiral, and woodpile
structures, with potential implications on controlling the direc-
tionality of laser emission, and on integrated nanophotonics
through interconnected blocks [6,9].

In a DLW implementation, a photoresist sample is exposed to
optical radiation, so that the laser beam and the photoresist can
interact through one-photon absorption (OPA), two-photon
absorption (TPA), and/or low one-photon absorption (LOPA);
these processes govern the laser writing process [7,8,10]. TPA, a
nonlinear optical absorption phenomenon, is mainly associated
with the use of a pulsed laser, e.g., a f s Ti:sapphire oscillator
[10]. In contrast, OPA and LOPA are linear optical processes
that can be implemented with a continuous-wave laser of low
optical power, typically in the near UV and visible regions,
respectively.

When comparing the OPA and the LOPA mechanisms, the
OPA process is associated with conventional photolithogra-
phy, which permits fabrication of 1D and 2D microstructures
[11]. On the other hand, the LOPA mechanism combines the
best features of OPA and TPA. For example, LOPA implies a
very low optical absorption condition inside the photoresist,
which opens the possibility of deeper penetration of the laser
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beam into the photosensible material. Moreover, since the pho-
topolymerization will occur preferentially in areas of maximum
optical intensity, the resulting microstructures can resemble
state-of-the-art TPA results [6,10,12].

The fabrication of micropedestals has been demonstrated
with a wide range of dimensions, ranging in diameter from a few
to several hundred micrometers (µm). While pedestals at the
low end of this range are naturally suited for integrated optics
applications, larger structures such as the ones we obtain (see
below) have a number of possible applications. Particularly, such
pedestals could be used for biomedical applications, including
for example for in situ microindentation tests on bone tissue
[13], as microneedle holders for transdermal drug delivery [14],
and in the study of subtle force patterns in microorganisms
(for example in Caenorhabditis elegans) [15]. In the field of
microfluidics, such micropillars have been used for controllable
microfluidic mixing [16,17]. Likewise, in the area of photonics
a natural application is for laser microcavities [18,19], which we
concentrate on in this paper.

The present work aims to demonstrate the potential of DLW
based on LOPA as the basis for high-quality solid micropedestal
fabrication, particularly to be used as microlasers [20–23]. We
have aimed to keep the costs of our microfabrication apparatus
as low as possible, with the use of a simple laser rather than a
direct-write station with vibration control. Our full fabrica-
tion system (a previous version of which was presented in Ref.
[8]) including the DLW laser, the computer-controlled x y z
translation stage, and other optical/optomechanic components,
has a combined cost around US$1000 (excluding the post-
fabrication microlaser characterization apparatus). We note that
all software used in our system is free and nonproprietary, with
the implication that it can be modified as needed by the user. A
system like ours can be set up and later modified as needed by the
end user, possibly by advanced undergraduate students, without
the need for external technicians.

In this work we also present simulations for the longitudinal
shift of the patterning laser spot, which occurs particularly for
relatively thick photoresist layers, coupled with a large index
of refraction contrast at the photoresist top surface, as in our
fabrication conditions. Note that such a shift (which would
become negligible in our experimental setup for photoresist
layers with .15 µm thicknesses or for larger thicknesses if
an oil-immersion objective is used for focusing the pattering
beam), could introduce errors in the resulting microfabricated
structures if left unaccounted for.

The design and application of our organic microlasers, based
on a hybrid conception of i) micropedestal fabrication and ii)
coating with laser dyes, facilitates the application routes towards
low-power-consumption devices including full-color microlaser
arrays and micrometric-scale objects that can interact with
biological tissue via spontaneous processes for super-resolution
imaging, among others [5,20,24,25]. Provided device dimen-
sions can be reduced, our fabrication protocol could in the
future also be used for integrated optics applications. We
believe that our simple yet versatile and low-cost platform
could constitute a competitive alternative for micrometric-scale
optical fabrication and its derived applications, particularly for
microlaser devices.

2. LASER DIRECT-WRITE SYSTEM AND THE
FABRICATION PROTOCOL

The schematic representation of our laser direct-write platform
is presented in Fig. 1(a), which includes a CW laser operating
at 532 nm (Civil Laser-LSR532NL-300) and a 5×microscope
objective (MO) with a numerical aperture (NA) of 0.13 (Motic
achromatic objective) that focuses the laser beam on the sample.

The trajectory of the optical beam prior to the MO is con-
trolled by a set of broadband dielectric mirrors. The sample to be
patterned is placed on a holder attached directly to a computer-
controlled x y z translation stage. Note that throughout this
work the x−y plane is parallel to the top surface of the sample,
while the z axis corresponds to the propagation depth in the
sample. The mechanical resolution of the stage is 2 µm, while
the optical resolution was determined experimentally to be
along z (governed by the beam’s Rayleigh range)∼40 µm and
transversely on the x−y plane∼4 µm.

The intensity pattern at the sample depends strongly on the
quality of the laser’s spatial emission mode as well as on the prop-
erties of the MO. The electric field intensity in the focal region
determines the dimensions and morphology of the printed pat-
terns, and it can be modeled through the vectorial Debye–Wolf
diffraction integral [26,27] in Eq. (1):

Fig. 1. (a) Experimental setup used for the optical fabrication
device. The beam from a low-cost laser at 532 nm is focused on the
sample using a 5× microscope objective with a numerical aperture
of 0.13. (b) Simulations of the intensity distributions along the y−z
plane for three cases: i) no interface, ii) an interface with d = 50 µm
thickness, and iii) with d = 100 µm thickness.
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E(x2, y2, z2)=−
iC
λ

∫ α

0
dφ
∫ 2π

0
dθ1 sin θ1

√
cos θ1 A(θ1, φ)

× P2(θ1, φ) exp[ik((n2z2 cos θ2

+ n1x2 sin θ1 cos φ + n1 y2 sin θ1 sin φ)

+8(θ1, θ2, φ))].
(1)

In Eq. (1) we have assumed an interface between two distinct
media, in our specific case, air (subscript 1) and the SU8-
photoresist layer (subscript 2) with refractive indices n1 and
n2, through which the beam propagates. θ1 represents a polar
angle subtended with the z axis, while φ is an azimuthal angle
on the x−y plane. θ2 accounts for refraction at the interface,
i.e., n1 sin(θ1)= n2 sin(θ2). A(θ1, φ) represents the incident
transverse electric field distribution, P2(θ1, φ) represents the
incident polarization distribution [8,26,27], C is a constant
proportional to the laser power, and α = arcsin(NA/n). For the
numerical calculations presented below, we assume a uniform
beam, i.e., A(θ1, φ)= 1, within the integration region defined
by the numerical aperture. The function 8, describing the
induced aberration, is dependent on the distance between the
dielectric interface and the focal plane, and it can be expressed
as8(θ1, θ2, φ)=−d(n1 cos θ1 − n2 cos θ2), where we assume
that patterning occurs at a depth in the second material (in our
case SU8) close to its thickness d . Figure 1(b) presents numerical
calculations, based on Eq. (1), of the electric field intensity dis-
tribution |E(x2, y2, z2)|

2 along the x − z plane for a MO with
NA of 0.13. From top to bottom, Fig. 1(b) shows the behav-
ior of the spatial intensity distribution in the focal region for
three cases: i) only air (i.e., no interface, with n1 = n2 = 1), ii)
d = 50 µm, and iii) d = 100 µm. It becomes evident that there
is a longitudinal shift of the beam waist, away from the interface
and into the photoresist, which is dependent on the thickness
d ; in general, this shift will become noticeable for relatively
thick photoresist layer (under our experimental conditions
d & 15 µm), in addition to a relatively large index contrast at
the top photoresist surface (as in our experiment involving an
air–SU8 interface). This effect, caused by the induced aberra-
tion, should be taken into consideration in the experimental
procedure, as it can be a source of imperfections in the resulting
morphology of the fabricated objects. For example, the induced
shift for an interface with d = 100 µm is ∼60 µm, i.e., of the
same order of magnitude as the longitudinal dimensions of the
intended resulting fabricated objects.

While from the above simulations the full width at half-
maximum spot diameter is ∼2.9 µm, in practice, various
experimental imperfections result in a larger optical spot.
The parameters used to simulate the electric field intensity
distribution wereλ= 532 nm, n1 = 1.00, and n2 = 1.58.

For the present work we have built an optical fabrication
platform, described above, relying on laser direct writing with
computer-controlled x y z patterning [8]. Our system allows
the user to define various parameters such as the specific x y z
motion trajectory to be executed, the number of repetitions
of this trajectory, as well as the speed at which this motion
occurs. In the specific case of the results presented here, involv-
ing micropedestals, the laser beam is left stationary, i.e., the

trajectory is composed of a single point. Through a system-
atic exploration of the exposure time, optical power level, and
position along z of the focal region, we have determined combi-
nations of parameters that yield the best quality in the resulting
microstructures.

SU8-2050 photoresist (a negative photoresist material, part
of the SU8-2000 series; MicroChem-Negative Photoresist) is
used for the fabrication of the micropedestals. The film depo-
sition on a conventional glass substrate (in our case, soda–lime
glass; SLG) is achieved through spin coating. Note that because
our micropedestals are designed to operate as whispering-gallery
oscillators (with the oscillation plane parallel to the substrate
surface), the confined optical radiation essentially does not
interact with the substrate, so additional substrate preparation
(e.g., application of a Bragg reflector) is unwarranted [4,5].

Briefly, a ∼2 ml drop of photoresist is deposited onto the
SLG substrate and a film thickness of ∼100 µm is obtained
through spin coating. Once the spin coating has been com-
pleted, the sample is soft-baked at 45◦C for 4 min to remove any
residual SU8 solvent. After exposing the sample to laser radi-
ation for printing the desired pattern, it is post-exposed to the
final baking treatment (post-exposure bake (PEB) at 45◦C for
7 min. PEB treatment is followed by the development process
in which the sample is placed in a SU8-2050 developing bath to
obtain the final structures.

In the following section we present, on the one hand, the sam-
ples obtained through the fabrication protocol described above,
and on the other hand, we describe the successful application of
these samples as microlasers.

3. ORGANIC PEDESTAL MICROLASERS

In this work, we demonstrate the low-cost and repeatable DLW
fabrication of micrometric structures (in particular, solid cylin-
drical polymeric pedestal microcavities), which can be coated
with rhodamine 6G dye (R6G) so as to permit lasing.

We have fabricated different sets of micropedestals using a
5× MO with NA= 0.13 and 50 mW laser power. Following
the fabrication process, each sample was coated with 10−4 M
of R6G dissolved in methanol; a 4 µL drop of the solution is
deposited on the micropedestal with the help of a microliter
(µL) pipette. Figure 2 shows an example of one of our resulting
high-quality coated micropedestals, obtained with a 5 min
exposure time. Our printed micropedestals show a diameter and
height of 53± 1 µm and 40± 1 µm, respectively. The fact
that our resulting structures are considerably larger than the spot
size used during fabrication is probably the result of scattering
of the patterning beam due to irregularities, including index of
refraction variations produced through thermal effects, which
may appear during the photopolymerization process [7,28].

Figure 2(a) shows the reproducibility in the manufacturing
process of the pedestals under the use of the platform and the
DLW photolithographic protocol. The photograph of the
micropedestal in Fig. 2(b), under optical excitation, exhibits
a yellowish hue, which is attributed to fluorescence and lasing
spectral peaks circulating in the cavity, some of which escape
due to scattering from imperfections (e.g., including surface
roughness) [22,29–31]. Panels (c) and (d) show an uncoated
and a coated micropedestal, respectively.
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Fig. 2. (a) Set of reproducible micropedestals. (b) Fluorescence
microscopy image of the optically excited micropedestal (with
∼53 µm diameter and∼40 µm height), coated with rhodamine 6G.
(c) and (d) Close-ups of the uncoated and coated devices, respectively.

Fig. 3. Experimental setup for the characterization of the hybrid
micropedestals. A microscope objective with a numerical aperture
NA= 0.13 focuses the laser beam, which impinges tangentially on the
sample’s cylindrical sidewall.

From Fig. 2, it may be appreciated that the micropedestal
presents a well-defined cylindrical shape with a circular trans-
verse section (i.e., along the x−y plane). In order to characterize
optically the microcavities, we carried out measurements of
the emission spectra using the experimental setup shown in
Fig. 3. A pulsed laser at 532 nm with a repetition rate of 10 Hz
and a pulse duration of 8 ns (Quantel Brilliant B 360 MJ) is
focused on the sample (with a NA= 0.13 microscope objec-
tive) and thus optically excites the microcavity with a pump
fluence ranging from 2 µJcm−2 to 12 µJcm−2. The residual
pump power is suppressed with two long-pass filters placed in
series. The cavity rests on a mechanical platform, which permits
translation along the x y z axes as well as rotation on the x−y
plane. The optical radiation from the cavity, transmitted by
the long-pass filters, is conveyed with a telescope to the input
port of a USB spectrometer (Ocean optics USB2000-UV-vis
with 200–850 nm detection range). Once the best experimental
conditions in terms of excitation, detection, sample position,
and signal-to-noise ratio were established, the emission spectra
data is acquired through a set of 10 measurements, each one with
a 500 ms integration time.

An example of an emission spectrum obtained through
the set of steps described in the previous paragraph is shown

Fig. 4. Spectrum from a micropedestal with a diameter of
∼53 µm and height 40 µm; (a) raw spectrum obtained at a fluence of
12 µJcm−2 together with fit (using seventh-degree polynomial) to the
broad fluorescence background and (b) the lasing peaks obtained by
subtracting the broad-peak fit from the raw spectrum. (c) Histogram of
neighboring peak spectral separations, yielding the FSR. (d) Close-up
of one of the laser emission regions, within the blue rectangle of panel
(c), fitted to Lorentizan peaks with the corresponding Q factors.
(e) Narrow lasing peaks as a function of wavelength (horizontal axis)
and pump fluence (vertical axis). (f ) λ-integrated total collected flux as
a function of the pump fluence.

in Fig. 4(a). A visual inspection of this spectrum shows the
presence of a sequence of narrow spectral peaks with a broad
underlying fluorescence peak. So as to isolate the narrow peaks,
which we associate with lasing action, we first characterize the
broad peak. For this purpose we perform a fit of the data set,
from which points within the narrow peaks are excluded, to a
seventh-order polynomial, which is plotted along with the full
emission spectrum in Fig. 4(a). The subtraction of this fitted
background peak from the full emission data, as plotted in
Fig. 4(b), yields the sequence of narrow spectral peaks (each peak
indicated with a red triangle). From this sequence of spectral
peaks, we now compute the spectral separation between each
pair of neighboring peaks and plot a histogram of spectral sepa-
rations as shown in Fig. 4(c) (plotted as a function of frequency
so as to avoid the inherent λ2 dependence of the expression for
the FSR when written in terms of wavelength [32]). By fitting a
Gaussian function to this histogram we estimate the FSR of our
laser microcavity to be FSR= 1.32± 0.19 nm.

In order to further analyze the resulting lasing spectral peaks,
we have fitted Lorentzian curves to individual peaks, within the
spectral window indicated with a blue rectangle in Fig. 4(b).
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We have plotted both the individual Lorentzian fits as well as
their sum in Fig. 4(d). From these fits, we compute the Q factor
for each peak as the quotient of the central peak frequency to the
full width at half-maximum spectral width. We have indicated
the Q values thus obtained in Fig. 4(d), with values ranging
from the hundreds to the thousands. The resulting Q values
agree well with those reported in the literature for polymeric
microlasers [22,23,33–36]. These relatively low Q values are
probably related to scattering due to sidewall roughness and
other imperfections in our micropedestals [22,31].

In Fig. 4 we present the behavior of the fluorescence and
lasing peaks upon optical excitation of our dye-coated micrope-
destals. In Fig. 4(e), we plot the experimental emission spectra
(with wavelength in the horizontal axis) as a function of the
pump fluence (in the vertical axis). This plot makes it clear that
the spectral position and shape of each of the lasing peaks remain
unaffected by varying the pump fluence. In order to clarify that
the emission characteristics are consistent with lasing action,
we have plotted in Fig. 4(f ) the total flux versus pump flu-
ence, i.e., integrated over wavelength. At pump fluences below
∼5 µJcm−2, the behavior of the emission spectra can be associ-
ated with simple spontaneous emission, while, at pump fluences
above this value, the behavior changes abruptly with a slope
enhancement by a factor of ∼3.3 with respect to the sponta-
neous emission observed at lower fluences, indicating the onset
of lasing. For fluences above ∼9 µJcm−2 the slope decreases,
indicating a saturation phenomenon [5,18,22,30,37]. Note
that the inferred lasing threshold of around ∼5 µJcm−2 is
consistent with those reported in the literature for devices with
similar shape, dimensions, and Q factors [23,33–35,38].

For cylindrical resonators, it is known that light can be con-
fined: i) as a Fabry–Perot (FP) mode for which light oscillates
between the two opposite flat ends of the cylinder and ii) as a
whispering-gallery (WG) mode for which the light circulates
around the cylinder’s perimeter [19,39]. In our case, consid-
ering that the micropedestals are mounted with the cylinder’s
axis normal to the laser beam propagation direction, excitation
occurs tangentially to the circular cylinder cross section, and it is
therefore WG modes that can be excited [30,36,38].

We note that in our experiments, based on WG oscillation,
light can escape the cavity at any cavity azimuthal location due
to scattering from surface roughness and/or imperfections. This
implies that while the laser radiation (as well as the fluorescence)
produced can be emitted in all directions within the oscillation
plane, only a fraction (corresponding to the acceptance solid
angle of the detection apparatus) can be collected. This tends
to limit the signal-to-noise ratio in our measurements. We note
that a future improvement to our work will involve evanescent
coupling of the micropedestals to an external waveguide for a
more controlled and directional collection of the laser radia-
tion. In addition, better control of fabrication conditions (so
as to restrict surface imperfections) could lead to increased Q
values and reduced lasing thresholds. The relatively large range
of Q values obtained in our experiment is linked to the low
signal-to-noise ratio discussed above, which affects peaks with
a lower height to a greater degree. In addition, we note that
our fluorescence/laser peak spectrum measurements are near
the resolution limit of our spectrometer (with three or fewer
experimental points per peak); this impacts our estimation

of Q values, particularly again for peaks with lower heights.
Furthermore, while our simulations presented below assume
the lowest-order radial mode index (q = 1), oscillation in
higher-order radial modes could also contribute to the range of
observed Q values [40].

The uncontrolled nature of the outcoupling of the laser
radiation from our micropedestal into free space implies that
other microlaser demonstrations, for example, those in the form
of periodic arrays on highly reflective substrates, exhibit laser
emission exceeding the fluorescence intensity by a greater factor
[4,5]. In our results the laser emission peak has a maximum
intensity limited to around 1.95 times the broad fluorescence
peak, similar to other works including Refs. [18,40–42].

Note that while we have presented results derived from
one specific sample, we have fabricated tens of coated
microresonators, with a comparable lasing behavior. Our
microresonators to date range in height from 40 µm to 200 µm
and in radius from 20 µm to 100 µm. The Q values and lasing
thresholds are comparable across our set of samples.

The WG mode resonant wavelengths can be obtained from
solving the following equation for λ (for particular values of the
indices azimuthal m and radial q indices) [30,41]:

1

λ
=

1

2π Rns (λ)

(
ν + 2−

1
3αqν

1
3 −

P (λ)

(n(λ)2 − 1)
1
2

+
3

10
2−

2
3α2

qν
−

1
3 −

2−
1
3 P (λ)(n(λ)2 − 2

3 P (λ)2)

(n2(λ)− 1)
3
2

αqν
−

2
3

)
,

(2)

where R is the pedestal radius P (λ)= n(λ) for a TE mode and
P (λ)= 1/n(λ) for a TM mode, with n(λ)≡ ns (λ)/nd (λ),
with ns (λ) and nd (λ) the substrate (SU8) and dye (R6G)
indices of refraction. In Eq. (2), ν =m + 1/2 and αq represents
the zeros of the Airy function Ai(−z). We can obtain the dis-
persion relation of the WG modes neff(λ) as neff(λ)=mλ′/L ,
with L = 2π R , [30,41] and where λ′ is the reciprocal of the
right-hand side of Eq. (2). Note that the substrate (SU8)
index of refraction ns is obtained from the Cauchy formula
ns (λ)= (A+ B/λ2

+C/λ4), with A= 1.566, B = 0.00796,
and C = 0.00014. Note also that we lack the means to meas-
ure the index of refraction for the dye (R6G). Experimentally
reported values are within the range 1.35 to 1.55, depending
on the concentration [43–45]; in our case, for which R6G is
in the form of a thin film, we have assumed a constant value of
nd (λ)= 1.55.

In Fig. 5 we illustrate the behavior of the WG modes, the
associated dispersion relation, and the expected FSR. For this
analysis we assume q = 1, corresponding to a single radial
intensity lobe close to the substrate–dye interface.

Note that for a given radius R , a resonance wavelength λm (a
tooth of the resulting frequency comb) will correspond to each
value of m. These resonance wavelengths λm can be obtained by
numerically solving Eq. (2). In Fig. 5(a) we show the frequency
comb, obtained in this manner, associated with a pedestal for
three values of R , e.g., 26 µm, 27 µm, and 28 µm, chosen
around the experimental value of∼27 µm. In Fig. 5(b) we show
the WG mode radial intensity distribution for three distinct
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Fig. 5. (a) Resonant wavelengths, as a function of the azimuthal
mode index m, in the R6G-coated SU8 micropedestal for three
different radii. (b) Radial intensity distributions for three different
combinations of R and m. (c) Intensity distribution on xn− y plane
for R = 27 µm and m = 464. (d) Dispersion relation neff(λ) and
(e) free spectral range vs λ for the same three combinations of R and m
as in panel (b).

combinations of R and m, indicated with blue dots in panel (a).
Note that the evanescent-field intensity extends∼0.4 µm into
the dye film and thus ensures that the flux in the WG mode can
interact with the dye.

In Fig. 5(c) we show the intensity on the x−y plane, along
a section of the pedestal perimeter, for the situation corre-
sponding to the middle plot in panel (b) with R = 27 µm. In
Fig. 5(d) we show the dispersion relation neff(λ) for the same
three combinations of R and m as in panel (b). In Fig. 5(e) the
FSR calculated as FSR= |λm − λm+1| ≈ λ

2
m/Lneff is presented.

We indicate the experimentally obtained range of FSR values,
see the histogram in Fig. 4(c), as a horizontal blue-colored band,
clearly overlapping with our simulations.

4. CONCLUSION

In summary, we have fabricated organic micropedestals through
a low-cost direct laser writing fabrication system built in our
laboratory and subsequently coated them with rhodamine
6G dye. The emission characteristics, upon excitation with a
laser beam at 532 nm, show that our devices present narrow
lasing peaks emerging from the broad fluorescence peak as the
pump fluence is increased. The Q values of our lasing peaks are
within the range ∼450 to ∼2300, while the experimentally
observed FSR is ∼1.3± 0.19 nm, coinciding well with our

dispersion simulations based on the WG modes supported by
our micropedestal cavities. The observed lasing threshold occurs
at a pump fluence of∼5 µJcm−2. We have presented numerical
simulations to elucidate the focal shift, which can occur in the
printing process for thick layers and a relatively large refractive
index contrast at the photoresist top surface. We hope that our
work will contribute to further progress in low-cost fabrication
of microstructures, particularly microlasers, for a variety of
applications.
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