
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
7:

33
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Real 3D microsp
State Key Laboratory on Integrated Optoelec

Engineering, Jilin University, 2699 Qianjin S

liaw@jlu.edu.cn; huailiang.xu@gmail.com

Cite this: RSC Adv., 2017, 7, 16531

Received 30th December 2016
Accepted 4th March 2017

DOI: 10.1039/c6ra28840e

rsc.li/rsc-advances

This journal is © The Royal Society of C
here lasers by femtosecond laser
processing
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In this article, we have mainly demonstrated the fabrication of a dye-doped polymer whispering gallery

mode (WGM) microsphere by femtosecond laser two-photon polymerization, which shows good surface

smoothness with a fabrication spatial resolution beyond the diffraction limit. The microcavity shows

excellent lasing performance with a quality factor of �3000. We have found that the lasing behavior of

the 3D microlaser depends strongly on the diameter of the microsphere, that is, the lasing output

changes from multimode to single mode gradually with the shift of laser wavelength when the diameter

of the fabricated microsphere decreases. Our results can provide an easier solution for fabricating 3D

single-mode microlasers with controlled resonance wavelength.
Femtosecond laser processing is a complicated technology
which involves an ultrafast laser,1 microscopy, high-precision
positioning, three-dimensional graphics modeling and
a photochemical reaction.2,3 Nevertheless, femtosecond laser
processing, as a modern manufacturing technology, has supe-
rior advantages in many aspects, such as high resolution (due to
the nonlinear interaction of the femtosecond laser and trans-
parent materials, the prepared structures have resolution far
beyond the optical diffraction limit4–8), low thermal damage (the
pulse duration is short enough tominimize heat generation and
accumulation), real 3D (any 3D structure can be easily fabri-
cated by scanning point-by-point) and a low request for the
working environment (the process can be achieved under mild
conditions). Therefore, it has received considerable attention
and has been widely used in many domains, such as optical
storage9,10 and microuidics.11–13 Until now, various two-
dimensional and three-dimensional micro-nano photonic
devices with high quality have been successfully demonstrated
by femtosecond laser processing.14–17

Whispering gallery mode (WGM) microcavities which
possess high quality factor (Q) and small volume have shown
promising applications in many areas such as sensing,18

lasing5,6 and optical information processing.19 In addition, they
have been widely used in fundamental researches, such as
cavity quantum electrodynamics.20 High-Q WGM microcavities
have been well-prepared in various materials by different tech-
nologies, such as fused taper technique and wet etching tech-
nology. With the development of laser technique, femtosecond
two-photon micro-processing technology has also been re-
ported on the fabrication of WGM microcavities in early 2010.21
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However, those microcavities fabricated by femtosecond laser
were mainly about two-dimensional or false three-dimensional
(low space complexity).22

The microspheres (real 3D) have demonstrated higher Q-
factor than the micro-rings or micro-disks, and wherever the
pump light incident is on the microsphere, a suitable incidence
angle will always achieve total reection along the sphere
boundary, herein, the femtosecond laser processing is adopted
to fabricate dye-doped polymer microspheres. Different diam-
eters (5–25 mm) of microspheres with high surface smoothness
are easily achieved by taking advantage of the two-photon
polymerization. Lasing behaviors of these microspheres are
collected and investigated by spectrometer under picosecond
laser pumping. In this way, the lasing behavior of the 3D
microlaser depends strongly on the diameter of the micro-
sphere are veried.

In the experimental process, SU-8 negative photoresist was
used as the main material, with clean glass used as the
substrate. Firstly, monomers was dissolved in cyclopentanone
with a weight concentration ratio of 1 : 2 to reduce the viscosity
of photoresist and make the photoresist convenient for spin-
coating. Secondly, rhodamine 6G (R6G, as gain medium in
the microsphere laser in this work) were dissolved in ethanol
solution at a concentration of 10 wt%. Thirdly, the two
mentioned above were mixed to realize R6G doped SU-8 solu-
tion at a concentration of 1.5 wt%, the chosen concentration of
1.5 wt% is a trade-off between lasing action and fabrication
process. In fact, concentrations between 1 wt% and 2 wt% are
satisfying. The solution was spin-coated on a cover glass rinsed
with acetone, ethanol, and deionized water. At last, the glass
with photoresist was prebaked on a heating stage at 95 �C for 2 h
to make the organic solvent volatilize to increase the surface
adhesion.6 The laser pulses (central wavelength: 800 nm; pulse
width: 120 fs; repetition rate: 80 MHz) were tightly focused on
RSC Adv., 2017, 7, 16531–16534 | 16531
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Fig. 2 (a) Top-view optical microscopic images of 10 mmmicrosphere
laser, scale bar: 10 mm. (b, c) SEM image of 10 mm microsphere laser,
scale bar: (b) 1 mm; (c) 100 nm. (d) Microspheres measured from CCD,
green light: 532 nm pump, (insert: microsphere designed).
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the sample by an oil objective, as shown in Fig. 1. The light spot
scanned in three-dimensional (3D) were achieved in strict
accordance with the blueprint by the mirrors and the piezo-
electric platform. Two-photon absorption occurred on the focus
spot region and photoinitiator would produce an acid, which
induces intermolecular cross-linked of SU-8 during the post
bake process (95 �C for 15 min).

The designed microsphere lasers with different cavity
diameters were “directly written” through the fabrication and
post-bake treatment. As an example, the optical microscope and
scanning electron microscope images of a fabricated micro-
cavity (DIA 10 mm) are shown in Fig. 2(a) and (b), which exhibit
the expected ultra-smooth surface and sphere structure (seen
from (c), the surface roughness of the sphere was less than 80
nm) that are highly essential to reduce light scattering in the
microcavity and thus remain a high Q-factor.23 As shown in the
sketch (inserted in Fig. 2(d)), a pedestal was designed for the
microsphere in order to reduce scattering loss from the glass
substrate, which manifests relatively deeper red color in the
central portion of the optical microscope image in Fig. 2(a). A
532 nm picosecond laser was focused on the microcavity and
the lasing signal was collected by a lens and then sent to
a spectrometer. The focal spot size was about 50 mmas shown by
the green spot in Fig. 2(d), which is much larger than that of the
microcavity and thus the intensity of pump laser around the
device is distributed uniformly.

With the 532 nm pump, the R6G-doped SU-8 can emit uo-
rescence in the spectral range of 580–680 nm, and thus resonant
whispering gallery laser modes in this spectral region can be
eventually formed in the microsphere cavities. Fig. 3(a) and (f)
show the spectra of a microsphere (DIA 10 mm) pumped with
different pump energy densities. It can be clearly seen that as
the energy density is low (�240 mJ cm�2), the microsphere
results in weak uorescence without lasing behavior, while as
the pumping power is gradually increased, lasing occurs with
some laser peaks appeared, which increase rapidly with the
increase of the pump laser power. It is well known that free
spectral range of WGM satises the formula: FSR z l2/2pnr,24

and thus for the prepared microsphere with n (refractive index)
being 1.57 and l (the lasing peak) being 601.64 nm, the FSR is
Fig. 1 Schematic diagram of femtosecond laser processing system for
preparing dye-doped polymer microsphere (insert: amplification of
focus spot region).

16532 | RSC Adv., 2017, 7, 16531–16534
calculated to be �7.34 nm, which is in a good agreement with
the experimental result (�7.46 nm) obtained from the insert in
Fig. 3(a), which veries the resonant WGM in the prepared
microsphere. Similarly, lasing actions from different sizes of
fabricated microspheres can also be observed, as shown in
Fig. 3(b)–(e). The diameters of these microspheres are (b) 5 mm,
(c) 15 mm, (d) 20 mm and (e) 25 mm, respectively. It can be seen
from Fig. 3(b)–(e) that when the microcavity diameter is 5 mm,
there is only one lasing peak appearing on the laser spectrum,
while as the diameter increase to 15 mm, the number of lasing
modes increase to 3, the number of lasing modes increases and
the interval between the lasing peaks (FSR) becomes smaller.
This can be understood from the relation of FSR z l2/2pnr, in
which the FSR increases as the cavity length decreases. It can be
seen from Fig. 3(a), when energy density is low (295–325 mJ
cm�2), there is only one peak at �601.74 nm, when density
higher (390–680 mJ cm�2), the mode at 590.5 nm, 596.1 nm,
609.1 nm, 611.3 nm appear. So the microsphere with diameter
of 5 microns show only one lasing peak in this experiment, and
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Lasing spectra of the microsphere with a diameter of 10 mm
under different pumping energies (waterfall) (insets: detailed infor-
mation for the spectrum under the pump of 545 mJ cm�2 energy
density). (b–e) Lasing spectra from microspheres with diameters of 5
mm, 15 mm, 20 mm, 25 mm under the appropriate energy density
respectively. (f) The lasing threshold characteristic in (a).

Fig. 4 Main resonant laser wavelength vs. diameter of the micro-
sphere (insert:Q-factors measured for themicrospheres with different
diameters).
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we believe another modes would appear too if we continue to
increase power density, however, such high power would bleach
the dye and burnt the device. It can be seen from Fig. 4 that the
main resonant wavelength is�598 nm for the microsphere with
the diameter of 5 mm, which gradually increases as the micro-
sphere diameter increases. The observed red shi of the main
resonant peak as a function of the microsphere diameter is
consistent with previous observations.10,25 In a WGM mode
This journal is © The Royal Society of Chemistry 2017
microcavity, the resonant wavelength (l) and the radius of the
resonant cavity (r) satisfy the relation: 2pnr ¼ mlm, thus when
the radius increases, the resonant wavelength would also
increase to satisfy the above relation.

In addition, it can be noted from Fig. 4 that the main lasing
spectrum peaks of the microspheres with the diameters of 10
mm, 15 mm, 20 mm and 25 mm approximately follow a linear
relationship. The large uncertainties with the smaller micro-
sphere diameter may caused by the micromachining resolution.
Suppose that all the parameters remain constant in FsLDW and
the accidental errors is about 0.5 mm, and thus the errors
account for 10% for the 5 mm microsphere, which would
become 5% for the 10 mm one. Fortunately, there is no doubt
that the errors could be further decreased efficiently by opti-
mizing the optical path and machining parameters.

The full width at half maximum (FWHM) of the lasing
spectral line was measured to be�0.25 nm determined by a He–
Ne laser and a spectrometer.6 Since the resolution of the spec-
trometer is �0.2 nm, which is comparable to the measured
lasing line of the microsphere, the determined Q-factor has
a large uncertainty. Even so, it is found that the microsphere
with larger diameter is more likely to have a higher Q-factor, e.g.
�2800 and �2100 for the 25 mm and 5 mm microscopheres,
respectively, as shown by the inset in Fig. 4, in which the errors
in microspheres are plotted.
Summary

In summary, we have fabricated dye-doped polymer 3D micro-
spheres with smooth surface by femtosecond laser two-photon
polymerization, and showed the whispering gallery mode
lasing performance of these microstructures. The lasing behav-
iors of the 3Dmicrolasers depend strongly on the diameter of the
microsphere, that is, the lasing output changes from multimode
to single mode with the blue shi of laser wavelength when the
diameter of the fabricated microsphere decreases. Our results
RSC Adv., 2017, 7, 16531–16534 | 16533
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provide an easy solution for fabricating 3D single-mode micro-
laser with controlled resonance wavelength.
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