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Random lasing action in a polydimethylsiloxane wrinkle induced disordered

structure
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This paper presents a chip-scale random lasing action utilizing polydimethylsiloxane (PDMS) wrin-
kles with random periods as disordered medium. Nanoscale wrinkles with long range disorder
structures are formed on the oxidized surface of a PDMS slab and confirmed by atomic force
microscopy. Light multiply scattered at each PDMS wrinkle-dye interfaces is optically amplified in
the presence of pump gain. The shift of laser emission wavelength when pumping at different
regions indicates the randomness of the winkle period. In addition, a relatively low threshold of
about 27 uJ/mm? is realized, which is comparable with traditional optofluidic dye laser. This is due
to the unique sinusoidal Bragg-grating-like random structure. Contrast to conventional microfluidic
dye laser that inevitably requires the accurate design and implementation of microcavity to provide
optical feedback, the convenience in both fabrication and operation makes PDMS wrinkle based
random laser a promising underlying element in lab-on-a-chip systems and integrated microfluidic

networks. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890525]

Optofluidic dye lasers are of great interest in the past
few years for their broad on-chip applications as integrated
photonic source elements in micro total analysis systems
(u-TAS).'™ To date, various types of microcavities have
been exploited in versatile optofluidic dye lasers to enhance
light confinement, including Fabry-Perot (F-P) resonators,®’
microring resonators,™” distributed feedback (DFB) gra-
tings,'*'? optofluidic ring resonators (OFRRs),"*™'° and
microdroplet cavities.'”*  Although considerable efforts
have been made towards the optimization in microcavity
design, accurate manufacture in soft lithography procedures
and precise control of liquid flow rates are still of great
necessities,'>"'® which adds enormous complexities in both
fabrication and operation.

Contrary to aforementioned microfluidic dye lasers, ran-
dom laser can be easily achieved in a dye filled microfluidic
channel with dispersed TiO, nanoparticles despite the ab-
sence of an optical cavity, in which the optical feedback is
provided by multiple scattering between nanoparticles.””
Apart from similarities in physics mechanism with semicon-
ductor random laser,”'*? integrating random laser source
onto a miniaturize microfluidic chip provides significant ben-
efits such as low costs, easy fabrication, portability, and high
degrees of functionalities. Furthermore, random laser with
low spatial coherence may also perform as a potential illumi-
nation source for on-chip speckle-free laser imaging.*
Recently, the fusion of optofluidics and random structures
offers a new route for on-chip random laser source integra-
tion. Bhaktha ef al. demonstrated an optofluidic random laser
based on the inherent disorder of snake-shaped polydime-
thylsiloxane (PDMS) channel due to the limited accuracy of
soft lithography which largely reduces the demands of high
standard fabrication techniques.”* The research opens the
door for exploration in optofluidic random laser, and
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thereafter, much attention has been paid to on-chip random
laser investigation due to its mirrorless character with easy
fabrication processes.

In this work, we introduce an on chip random laser
based on PDMS wrinkle induced disordered structure, which
further simplifies the random laser fabrication process by
getting rid of lithography procedures. The wrinkles are
formed by plasma oxidation of pre-stretched PDMS surface
and subsequent relaxation. The structure of the demonstrated
random laser is created by sandwiching a thin dye layer
between a flat PDMS stamp and a wrinkled PDMS slab. Due
to the inherent disorder of the wrinkles which is caused by
non-uniform relaxation of the plasma treated PDMS stamp,
multiple scattering can be effectively enhanced. As a result,
lasing action with a relatively low threshold can be estab-
lished when the optical gain is larger than the optical loss
without a resonance mechanism. The sensitivity of emission
spectrum with respect to pump position perturbation also
indicates the randomness of the wrinkle period. The unique
one dimensional random structure can also be applied to
select the desire mode of the emission spectrum via active
spatial control of the pump laser, which offers a new plat-
form to investigate random laser physics.”>*® More impor-
tantly, the chip-scale disorder-based light source delivers the
possibility in microfluidic laser source integration as well as
in related optofluidic laser applications.

The wrinkled PDMS surface is created by a previously
developed and commonly used technique for polymeric sur-
face modification through oxygen plasma surface treat-
ment.””*® The preparation procedure is schematically
illustrated in Fig. 1. Briefly, PDMS is first mixed with its
curing agent at a weight ratio of 10:1, followed by curing at
65 °C for about 2 h. Then the PDMS slab is stretched uni-
axially by a custom-designed stretching device to a maxi-
mum strain of ¢ (60%). Thereafter, the prepared sample is
placed into the plasma chamber and exposed to oxygen
plasma (PDC-002, Harrick Plasma, High level power) for

© 2014 AIP Publishing LLC
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FIG. 1. Schematic illustration of preparation procedures for wrinkled PDMS
surface formation.
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90 min to generate a uniform silicate-like hard skin at the
surface of the PDMS slab. Finally, the applied strain is grad-
ually released and the buckled surface is formed owing to
the modulus mismatch between the hard skin and the soft
PDMS substrate. Due to the inevitably non-uniform releas-
ing speed of the strained PDMS slab, the buckled surface
shows the random structure in both wrinkle period and am-
plitude as shown in Figs. 2(a) and 2(b). The wrinkle period is
around 1 um while the wrinkle amplitude is around 300 nm
as measured by atomic force microscopy (AFM). Since the
sample is also deformed in the transverse direction when the
strain is applied, some cracks can be found along the wrinkle
period when the strain is released. But they do not affect the
experiment thanks to their relative low density distribution
compared with that of wrinkles.

The prepared PDMS slice was then cut at the dimension
of around 20 x 15 x 1.5 (mm) in our experiment. For gain
medium implementation, Rhodamine 6 G (R6G) is dissolved
in ethylene glycol with a concentration of 2mM. A droplet
of ethylene glycol dye solution is deposited onto another sur-
face of a flat PDMS and then covered by the wrinkled PDMS
slab as depicted in Fig. 2(c). Finally, by slightly pressing the
wrinkled PDMS stamp, a thin film of R6G dye can be con-
fined uniformly between the flat PDMS slab and the

R6G dye
Laser
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wrinkled PDMS stamp. When the random laser structure is
optically pumped, unidirectional laser can be collected at the
edge of the PDMS chip. The sandwich structure of the wrin-
kle induced random laser is illustrated in Fig. 2(d). This
unique PDMS random wrinkle structure is similar with one
dimensional random laser model proposed previously and
has already been investigated theoretically.*

The random laser chip is pumped by a Nd:YAG laser
(532 nm center wavelength, 4 ns pulse width, and 20 Hz repe-
tition rate). The chip is placed on a three-dimensional trans-
lation stage so that the pumping position can be easily tuned.
The laser emission is coupled from one edge of the chip and
then transmitted to the optical spectrometer (SR500, Andor,
resolution 0.09 nm) by a pair of convex lens followed by a
long-pass filter which aims at the removal of the green pump
light.

Figure 3(a) shows the emission spectrum of the random
laser at various pump pulse intensities. Light is multiply
scattered at each dye-PDMS wrinkle interface. When the
pump energy is low, the multiple scattering cannot support
efficient optical feedback, leading to spontaneous emission
of the R6G in ethylene glycol solution. As the pump inten-
sity increases, optical amplification is achieved and accom-
panied by the narrow linewidth of the emission spectrum.
Besides the simplicity in fabrication and operation, the ran-
dom laser also performs well in terms of the lasing threshold.
Figure 3(b) depicts the output intensity versus pump pulse
intensity. The nonlinear relationship between the laser emis-
sion intensity and pump pulse intensity can be established,
which indicates the lasing threshold of 27.0 uJ/mm?.
Strikingly, in spite of the microcavity to provide optical
feedback, the lasing threshold is comparable with traditional
microfluidic dye lasers.'®! The typical laser linewidth can
be as narrow as 1 nm when the pump pulse intensity is much
larger than the threshold, showing the coherent optical feed-
back provided by multiple scattering of the wrinkled archi-
tecture.?>*2 Moreover, the unidirectional random laser
emission along the PDMS wrinkle period as depicted in the

FIG. 2. (a) AFM image of PDMS sur-
face wrinkle patterns created by
plasma treatment. (b) Partial magnified
picture of the buckled PDMS surface.
The non-uniform random wrinkle
wavelength and amplitude is around
1 um and 300nm, respectively. (c)
Preparation of the sandwich structure
for random lasing. A droplet of ethyl-
ene glycol dye solution is first depos-
ited on to the surface of a flat PDMS
stamp and then confined with a wrin-
kled PDMS slab. (d) The front-view
diagram of the sandwich random lasing

Wrinkled PDMS slab architecture.

Laser
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FIG. 3. (a) Typical emission spectra of random laser at various pump pulse
intensity. (b) Output intensity of the random laser as a function of the
incident pump pulse intensity. The lasing threshold is determined to be
27.0 uJ/mm?. Inset image: a random lasing chip used in the experiment.

inset picture of Fig. 3(b) offers a great opportunity in laser
related practical applications.

In order to show the stability of the laser emission, las-
ing spectra at a randomly selected position have been
recorded at different time with the pump energy of around
29.3 uJ/mm?, as shown in Fig. 4. The output laser is normal-
ized in order to distinguish whether the peak shifts or not.
Although the emission spectrum profiles are varied due to
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FIG. 4. Normalized emission spectra at the same position with the pump in-
tensity of around 29.3 uJ/mm?. The spectra show the same peak in spite of
the different emission curve profile that might be caused by pump pulse
energy fluctuations.
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FIG. 5. The emission lasing spectra when pumped at different positions.
Slight change in the pump area results in different lasing peak emission.

the energy fluctuations of pump pulses, the peak wavelength
remains in the dominant position of around 575.8 nm. Thus a
stable emission of random laser can be obtained in disor-
dered wrinkle structures.

To further confirm the randomness of the wrinkle struc-
ture, we slightly change the pump position by horizontally
shifting the random laser chip. Figure 5 illustrates the lasing
wavelength shifts at different pump positions. In spite of a
relative small displacement of around 50 um each time,
about 50 wrinkle periods have been replaced according to
the AFM image in Fig. 2. Therefore, different pump regions
correspond to different wrinkle configuration, which leads to
the drift of lasing peak in the emission spectrum. In the
experiment, 100 um offset of the pumping spot could induce
a 2nm peak shift in the emission spectrum. Since the output
laser shows a great spatial dependence with pump position,
the emission spectrum can be tuned by varying different
pumping areas. Besides, the strong emission spectrum sensi-
tivity with respect to different pump areas is not available in
traditional microfluidic dye laser systems, which makes the
wrinkle based random laser a promising component in
microfluidic sensing applications.

In summary, a chip-scale PDMS wrinkle based random
laser without using traditional lithography techniques is
demonstrated in this paper, providing flexibility and simplic-
ity for large scale production of the device. The disordered
wrinkle structure multiply scatters the light and results in op-
tical amplification even without microcavity structure when
the pump is introduced. The relatively low threshold that is
comparable with conventional microfluidic dye laser is
achieved. The emission wavelength can be sensitively tuned
when pumping at different regions, which also confirms the
randomness of the wrinkle period. In addition, the emission
sensitivity against pump area also indicates the wrinkle
based random laser a promising platform for bio-chemical
and bio-sensing applications. We envision that the fusion of
this compact random laser with a large variety of state-of-
the-art microfluidic components can create much more func-
tionality in lab-on-a-chip systems.
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